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Abstract

We report on a measurement of hard exclusive 7% muoproduction on the proton by COMPASS using 160 GeV /c polarised
p and g~ beams of the CERN SPS impinging on a liquid hydrogen target. From the average of the measured p™ and
1~ cross sections, the virtual-photon proton cross section is determined as a function of the squared four-momentum
transfer between initial and final proton in the range 0.08 (GeV/c)? < |t| < 0.64 (GeV/c)?. The average kinematics of
the measurement are (Q?) = 2.0 (GeV/c)?, (v) = 12.8 GeV, (zp;) = 0.093 and (—t) = 0.256 (GeV/c)?. Fitting the
azimuthal dependence reveals a combined contribution by transversely and longitudinally polarised photons of (8.2 +
0.9s¢ac T 173 Sys) nb/(GeV/c)?, as well as transverse-transverse and longitudinal-transverse interference contributions of

(=6.141.340 " 07 Sys) nb/(GeV/c)? and (1.540.5¢.: " 55 Sys) nb/(GeV/c)?, respectively. Our results provide important
input for modelling Generalised Parton Distributions. In the context of the phenomenological Goloskokov-Kroll model,

the statistically significant transverse-transverse interference contribution constitutes clear experimental evidence for the
chiral-odd GPD Er.

Keywords: Quantum chromodynamics, muoproduction, hard exclusive meson production, Generalised Parton
Distributions, COMPASS
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1. Introduction 57

58
Measurements of pseudoscalar mesons produced in hard

exclusive lepton-nucleon scattering provide important data
for phenomenological parameterisations of Generalised Par-
ton Distributions (GPDs) [1-5]. In the past two decades, ,
GPDs have shown to be a very rich and useful construct
for both experiment and theory as their determination ,
allows for a detailed description of the parton structure
of the nucleon. In particular, GPDs correlate transverse
spatial positions and longitudinal momentum fractions of *
the partons in the nucleon. They embed parton distri-
bution functions and nucleon form factors, and they give
access to energy-momentum-tensor form factors. For each
quark flavour, there exist four parton-helicity-conserving
(chiral-even) GPDs, denoted H, H, E, and E, and four
parton-helicity-flip (chiral-odd) GPDs, denoted Hrp, Hr,
Er, and Er. While hard production of vector mesons is
sensitive primarily to the GPDs H and F, the production
of pseudoscalar mesons by longitudinally polarised virtual
photons is sensitive to H and F in the leading-twist de-
scription.

Contributions from transversely polarised virtual pho-
tons to the production of spin-0 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 muon and proton. However, experimental data
on exclusive 71 production from HERMES [7] and on ex-
clusive ¥ production from JLab CLAS [8-11] and Hall
A [12-14] suggest that such contributions are substantial.
In the GPD formalism such contributions are possible if a
quark helicity-flip GPD couples to a twist-3 meson wave
function [15, 16]. In the framework of the phenomenolog-
ical model of Ref. [15], pseudoscalar-meson production is
described by the GPDs H, E, Hy and Er = 2Hr + Er.
Different sensitivities to these GPDs are expected when
comparing 7+ vs. 7 production. When taking into ac- s
count the relative signs and sizes of these GPDs for u ¢
and d quarks, the different quark flavour contents of these 68
mesons lead to different predictions for the |t|-dependence &
of the cross section, especially at small values of |t|. Here, 7
t is the square of the four-momentum transfer between 7
initial and final nucleon. The production of 7+ mesons 7
is dominated by the contributions from longitudinally po- 7
larised virtual photons, of which a major part originates
from pion-pole exchange that is the main contributor to
E. Also the contributions from H and Hyp are significant,
and there is a strong cancellation between the contribu-
tions from E for u and d quarks. On the contrary, in the
case of m° production there is no pion-pole exchange, the
contributions from H and Hp are small and a large con-
tribution from transversely polarised photons is generated
mainly by Er.

These differences between 7+ and 7% production are
experimentally supported. While for 7 production a fast
decrease of the cross section with increasing |¢| is predicted
by theoretical models and confirmed by the experimental

results from HERMES [7], for 7° production a dip is ex-
pected as |t| — 0 [15] and confirmed by results in the JLab
kinematic domain [9, 10, 13]. Constraints for modelling
the poorly known GPD Er were obtained in a lattice-
QCD study [17] of its moments. The COMPASS results
on exclusive 70 production in muon-proton scattering pre-
sented in this Letter provide new input for modelling this
GPD and chiral-odd (‘transversity’) GPDs in general.

2. Formalism

The reduced cross section for hard exclusive meson pro-
duction by scattering a polarised lepton beam off an un-
polarised proton target reads:

€ + ecos (29)

dzgip . 1 |:d(TT
21

1 rdor  dog dorr
dtde dt i

g
1
d dt (1)
dO’LT . dO’lLT
L F |P/26(1 — ) sing LT

where the sign F of the lepton beam polarisation P, cor-
responds to negative and positive helicity of the incoming
lepton, respectively, denoted by <. The conversion from
the lepton-nucleon cross section to the virtual-photon nu-
cleon cross section, using the one-photon-exchange approx-
imation, is explained in Sect. 5. The contribution to the
cross section from transversely (longitudinally) polarised
virtual photons is denoted by o1 (o). The symbols o1,
ot and opp denote contributions from the interference
between longitudinally and transversely polarised virtual
photons, and between transversely polarised virtual pho-
tons of opposite helicity. The factor

+1/2e(1+¢€)cos¢

2,2
-y

= 3 3.2
L—y+ 5+ 55

(2)

€

is the virtual-photon polarisation parameter and ¢ is the
azimuthal angle between the lepton scattering plane and
the hadron production plane, see Fig. 1. Here, Q% =
—(ku — kuw)? is the photon virtuality, v = (k) — k)
the energy of the virtual photon in the target rest frame,
y = v/kj) and v* = Q*/v*, where k, and k, denote the
four-momenta of the incoming and the scattered muon in
the target rest frame, respectively.

The spin-independent cross section can be obtained by
averaging the two spin-dependent cross sections,

d?oy-p 1 (d20’<7*p

_ 1 d2g’?p)
dtde 2\ ddo '

dtde )

When forming this average, the last term in Eq. (1) cancels
if the magnitude |P;| of the beam polarisation is the same
for measurements with u* and g~ beam, so that

dQO',Y*p 1 dO’T dO’L d(TTT
I | 7 S (2 4
dtde 27r{ a Ta Tees0) =g 4)
d
+ /26 (1 + ) cos (¢) ZT
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The individual contributions appearing in Eq. (4) areios
related to convolutions of GPDs and meson wave functionsios
with individual hard scattering amplitudes, see Refs. [10,105

15] 106
dor (1= €3)|(H) - LIE )P (5;;

dt T 8M2 T ’ 109

do 7 ’
[0 P -
2R [(A)(B)] - gpelBE], O

d o 114

TIT o B, O

VLT T eVTR ) (B)]. )

118
Here, the aforementioned convolutions are denoted by tri-

angular brackets, ' = t — ty;, With |t | being the kine— .
matically smallest possible value of [t], and M is the mass
of the proton. The quantity £ is equal to one half of the o
longitudinal momentum fraction transferred between the
initial and final proton and can be approximated at COM-124
PASS kinematics as

125

TBj 126
N —— 9
f 2 — TBj ( )127
128
where zg; = Q?/(2Mv). 12
130
3. Experimental set-up and data selection 131

132

The main component of the COMPASS set-up is theis
two-stage magnetic spectrometer. Each spectrometer stageiss
comprises a dipole magnet complemented by a variety ofiss
tracking detectors, a muon filter for muon identificationiss
and an electromagnetic (ECal) as well as a hadron calorimess
ter. A detailed description of the set-up can be found iniss
Refs. [18—20] 139
The data used for this analysis were collected usingio

a 160 GeV/c muon beam within four weeks in 2012, dur-ia
ing which the COMPASS spectrometer was complementedis

4

by a 2.5m long liquid-hydrogen target surrounded by a
time-of-flight (TOF) system, and a third electromagnetic
calorimeter that was placed directly downstream of the
target [20, 21]. The TOF detector consisted of two cylin-
ders mounted concentrically around the target, each made
of 24 scintillating-counter slats with read-out at both ends
of every slat. The read-out scheme allowed to measure
the time-of-flight between two layers, determine the hit
positions of a particle upon traversal through a layer and
measure the energy loss in each layer. This allows us to
determine polar angle and momentum of the particle.

In order to determine the spin-independent cross sec-
tion through Eq. (3), data with p* and p~ beam were
taken separately. The natural polarisation of the muon
beam provided by the CERN SPS originates from the
parity-violating decay in flight of the parent meson, which
implies opposite polarisation for u and p~ beams. Within
regular time intervals during the measurement, charge and
polarisation of the muon beam were swapped simultane-
ously. In order to equalize the spectrometer acceptance
for the two beam charges, also the polarities of the two
spectrometer magnet currents were changed accordingly.
In total, a luminosity of 18.9pb~! was collected for the
pt beam with negative polarisation and 23.5pb~! for the
4~ beam with positive polarisation. The integrated beam
flux was measured using a specific trigger embedded in
the standard COMPASS data taking based on a radioac-
tive source [22] and is known with an uncertainty of 3%.
For both beams, the absolute value of the average beam
polarisation is about 0.8 with an uncertainty of about
0.04 [18, 23].

For the analysis, only data taken with stable beam
and spectrometer conditions are used. The selection of 7°
mesons is accomplished using their dominant two-photon
decay. The threshold for the decay photon with lower en-
ergy is 300 MeV, while that for the photon with higher
energy is 1 GeV for the most upstream calorimeter and
2 GeV for the calorimeter in the first stage of the spec-
trometer. The most downstream calorimeter is not used
in this analysis as it contributes only very small statis-
tics to the 7% sample. At least two neutral clusters are
required that had to be detected in any of the electromag-
netic calorimeters above the respective threshold, in con-
junction with an interaction vertex reconstructed within
the target using the incoming and outgoing muon tracks.
The outgoing muon is identified by requiring that it has
the same charge as the beam particle and traverses more
than 15 radiation lengths. As neutral cluster we denote
a reconstructed calorimeter cluster that is not associated
to a charged track, thereby including any cluster in case
of the most upstream calorimeter that had no tracking
system in front.

For each interaction vertex and each combination of
two neutral clusters, the kinematics of the recoil proton
are predicted from the four- momentum balance of the ana-
lysed process, up — pu'p'7®, 7 — 7, by using the recon-
structed spectrometer information, i.e. the vertex position,
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the momenta of the incoming and outgoing muons as wellir
as the energy and position of the two clusters. The pre-
dicted properties of the recoil proton p’ are compared to
the properties of each track candidate as reconstructed by
the TOF system. Note that the four-momentum of the re-
coil proton is determined by the target TOF system based
on the assumption that the reconstructed track belongs to
a proton.

The following exclusivity constraints are used to select
events for the cross-section determination:

|Ap| < 0.4rad,

|[Apr| < 0.3GeV/e,
|Az| < 16cm,

IM%| < 0.3(GeV/c?)2.

Here, Ay is the difference between predicted and measured
azimuthal angle of the recoil proton candidate; Apr is the
difference between predicted and measured transverse mo-
mentum of the recoil proton candidate; Az is the difference
between predicted and measured hit position in the inner
ring of the TOF system. The quantity pr is defined in the
target rest frame. The undetected mass is given by 180

M)Q( = (ku +pp — kw — Py — Py _pvz)Z‘ (10)

Here, the four-momenta are denoted by p, and p,/ for the
target and recoil proton, respectively, and by p,, and p,,
for the two produced photons. In addition a constraint on
the invariant mass M, is used:

0.1092 < M., /(GeV/c?) < 0.1576.

In the case that more than one combination of vertex,
cluster pair and recoil-track candidate exist that satisfy
the aforementioned selection criteria for a given event, this
event is excluded from the analysis.

Figure 2 shows an example for the result of a compari-
son between predicted and measured kinematics of the re-
coil candidate, and Figs. 3 and 4 show correspondingly the
distributions of undetected mass and two-photon mass. In
these figures, the four exclusivity constraints as well as the
| M., | constraint and single vertex/recoil-proton-candidate
selection are applied. Additionally applied are constraints181
on the pull distributions of incoming and outgoing muon,
the position of ECAL clusters and the ¢-value of hits in the ,
recoil-proton detector, as determined using the kinematic184
fit described below. Here, a pull is defined as ratio of the1
difference between the measured and the fitted value of a_
given quantity, and the standard deviation of this differ—187
ence.

Note that the quantity presented in a given figure is not
constrained and that every figure displays numeric values
before the kinematic fit.

The Monte Carlo yields shown in these figures are de-
noted as HEPGEN and LEPTO. These generators are in-g
troduced in Sect. 4. The generated events from both gen-
erators are independently passed through a complete de-
scription of the COMPASS set-up [24], and the resulting

190

simulated data are treated in the same way as it is done
for real data.

¢ Data
i HEPGEN + LEPTO
ETlLEPTO
N

Entries / 20 MeV/c

0.2 0.4
ApT (GeVic)

Figure 2: Measured and simulated distribution of Apt of the recoil
proton for the kinematic region described in the text. The vertical
lines indicate the constraints applied for the selection of events. Error
bars denote statistical uncertainties.

(o2}
o

¢ Data
HEPGEN +LEPTO
[ LEPTO

AN I 22 -

Entries / 20 (MeV/c?)?
] 5
| |

.

- BN A :
0 ..‘.:.u‘::\‘:.\': \‘.\\‘\\W\E’\}:&{‘iih\“ﬂ.\-- b 67 &
0.4 -0.2 0 0.2 0.4
2 2\2
M7 (GeVic?)
Figure 3: Distribution of the undetected mass M)Q( Otherwise as
in Fig. 2.

In order to enhance the purity of the selected data and
to improve the precision of the particle kinematics at the
interaction vertex, a kinematic fit for the exclusive reaction
up — p'p'n® is performed, which requires a single 70 to
decay into the two photons selected as described above.

Together with the selection procedure given above, the

requirements
0.08(GeV/c)* < |t| < 0.64(GeV/c)?,
1(GeV/e)2 < Q* < 5(GeV/e)?,
8.5GeV < v < 28GeV
are used to obtain the events for the determination of the

exclusive 70 cross section as described in Sect. 5. The
resulting minimum value of W is about 3.5 GeV/c?.
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Figure 4: Distribution of the invariant mass My, of the two-photon
system. Otherwise as in Fig. 2.

4. Estimation of the background contribution

In order to obtain a larger event sample for the study of
the background, two reference samples are selected in the
wider kinematic range [t| > 0.08(GeV/c)?, Q2 > 1(GeV/c)?
and y > 0.05. These two samples are denoted as signal and
background sample in this section. In contrast to the sig-
nal sample, the background sample contains only events
with more than one combination of vertex, cluster pair
and recoil-track candidate. Apart from the small peak at
zero (see Fig. 5 bottom), it contains non-exclusive events.
The purpose of the reference samples is explained in the
following section.

The main background to exclusive 7° muoproduction
originates from non-exclusive deep-inelastic scattering pro-
cesses. In such processes, low-energy hadrons are produced
in addition to the 7%, which remain undetected in the ap-
paratus. In order to estimate the background contribution,
two Monte Carlo generators are employed. 228

First, the LEPTO 6.5.1 generator with the COMPASS**
tuning [25] is used to describe the non-exclusive fraction®®
of events. Secondly, the HEPGEN++ 70 generator, which?!
is denoted HEPGEN in this paper, is used to model the**
kinematics of single 7% muoproduction [26, 27]. Note that**
events with the topology of exclusive 7% production were®*
removed from the LEPTO sample. 35

As there exists essentially no information on the cross®*
section of exclusive 7° production in the kinematic domain®’
of COMPASS, the two reference samples described above®*®
are used to normalise the HEPGEN and LEPTO Monte?®
Carlo yields. Using several variables, the kinematic in-2¢
formation from beam and spectrometer measurements as*!
well as that of the recoil-proton candidates are compared?
between experimental data and the two simulations in or-24
der to determine the best normalisation of each simulated+
data set relative to that of the experimental data. Thiss
comparison is done without applying the kinematic fit. As¢
an example of such a comparison, the undetected mass is

0

shown in Fig. 5. In addition to the measured data points,
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% C [[7JHEPGEN
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=] ]
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Figure 5: Data used for the determination of the background con-
tribution: Distributions of the undetected mass M)Q( for the signal
(top) and background (bottom) reference samples, which are selected
in the extended kinematic range. Simulated data are also shown (see
text). Error bars denote statistical uncertainties.

the HEPGEN simulation and the sum of the HEPGEN and
LEPTO simulations are shown. In order to estimate the
amount of non-exclusive background, the simulated data
are scaled such that they describe the data for both ref-
erence samples. The scaling factor for the LEPTO Monte
Carlo yield, which is denoted by f* for the two beam
charges, will be used in Sect. 5 to normalise this simula-
tion when correcting the data for background.

Using the scaling factors f*, the fraction of non-exclusive
background in the data is estimated to be (297 g’sys)%.
Here, the uncertainty is estimated by comparing the scal-
ing factors extracted for various variables and by using
several extraction methods for the scaling factors. Details
are given in Ref. [28]. Contributions of other background
sources are found to be negligible. For example, the pro-
duction of single w mesons, where the w decays into a 7°
and a photon that remains undetected, was found in Monte
Carlo studies to contribute at the level of 1% [28].
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5. Determination of the cross section 263

264
The virtual-photon proton cross section is obtained,

from the measured muon-proton cross section using -

doH® 267

2
do 1 (11)2ss

dftlde ~ T(Q%v, E,) dQ2dvded]t]’

where the transverse virtual-photon flux is given by

Oem (1 — TB;j)
21Q?yE, Y

2 Q?
g (170 1)

Here, aier, denotes the electromagnetic fine structure con-
stant and E,= k). 210

For the cross section determination, the HEPGEN Mon2"
te Carlo simulation described in Sect. 4 is used. The accep-
tance a(AQkmn) is calculated in a four-dimensional grid as
the number of reconstructed events divided by the number
of generated events using 8 bins in ¢, 5 in [t|, 4 in Q% and
4 in v, including bin-to-bin event migration. The phase-
space element is given by AQuimn = AdrAltAQ? Avy,.
The spacing of the grid is given in Table 1.

F(Q27 Va EH) =

269

Table 1: Four-dimensional grid used for the calculation of the ac-
ceptance. The full width of the respective dimension is given in the
bottom row of the table.

¢ /rad [t| /(GeV/c)? Q? /(GeV/c)? v /GeV
- - =T 0.08-0.15 1 -15 85 —11.45
=m _ -Z 0.15-0.22 1.5 —2.24 11.45 — 15.43
0.22 — 0.36 2.24 — 3.34 15.43 — 20.78
0.36 — 0.5 3.34-5 20.78 — 28
0.5 —0.64
3= _ g
4 272
Ag¢/rad Alt|/(GeV/e)?  AQ?/(GeV/c)?  Av/GeV o3
27 0.56 4 19.5 274

275

276

In each four-dimensional bin, the experimental yield2r7
corrected for background according to the LEPTO simu-27

lations is obtained as 279
280

y;ﬁmn = Z 282

F Q VZ’ ) 283

Ni AQ (13)284

— f:l: Z 1_‘ 285

Q V“ Z) 286

287

Here, Ndiatﬁﬂ’“””" is the number of measured events and,g

NLi Aurrin the number of LEPTO events within the phase-2s
space element AQgmn. The second sum represents theaw
LEPTO simulations that are appropriately normalised byza
the factor f*, which was introduced in Sect. 4. Eachas

7

event is weighted with the transverse virtual-photon flux
I'(Q?,v;, E, ;) in order to obtain the virtual-photon yield
from the measured yields for muon-proton interactions,
and with the 7° — 4+ branching ratio. Radiative correc-
tions are not applied but taken into account as systematic
uncertainty.

The spin-dependent virtual-photon proton cross sec-
tions measured with positively or negatively charged muons
are determined in each of the (¢, |t|;) bins as luminosity-
normalised experimental yield averaged over the measured
ranges AQ? = 4 (GeV/c)?and Av = 19.5GeV as

2

< d >i _ 1 Z Viimn ) (14)
d|t‘d¢ AQy ﬁiAle oo a(Alemn)

Here, AQy = AdrAlt;AQ*Av, LT denotes the luminos-
ity and a(AQkimn) the acceptance in the phase-space ele-
ment AQpimn.

The spin-independent virtual-photon proton cross sec-
tion is obtained according to Eq. (3) as the average of the
two spin-dependent cross sections given in Eq. (14):

q2 a2 2 _
<d\t|g¢>Ale = ;<<d|t|g¢>19kl + <d(|1|g¢>mm>

(15)
The cross section integrated over the full 27w-range in ¢ is
obtained as

<d|t| >m, Z ¢’“< d|t\dq’> >AQM

with AQ; = Alt[;AQ?Av. Similarly, the |¢|-averaged cross
section in the measured range is given by

2
<d(|1|g¢>mk A|t\z Hl<d|t|d¢>m2kl

with AQy = A(bkA‘ﬂAQQAV

The systematic uncertainties on the extracted values
of the cross section are shown in Table 2, arranged in four
groups. The first group contains the systematic uncer-
tainties from the determination of the integrated beam
flux. The second group contains possible systematic ef-
fects studied by the Monte Carlo simulation, which are
related to the uncertainty on the energy thresholds for the
detection of the low-energetic photon in the electromag-
netic calorimeters, and the uncertainty on the determi-
nation of the acceptance. The third group contains the
systematic uncertainties related to a variation of the en-
ergy and momentum balance of the kinematic fit, the in-
fluence of background originating from the production of w
mesons and the estimated influence of radiative corrections
including the possible impact of a ¢ modulation [28, 29)].
The largest systematic effects appear in the fourth group,
which contains two elements: (i) the uncertainty related to
the estimation of non-exclusive background as described
in Sect. 4; (ii) the uncertainty due to an observed mis-
match between the measured single-photon yield in the

(16)

(17)
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327

2012 COMPASS data and the corresponding Monte Carloss
simulation of the Bethe-Heitler process. It appears in ass
kinematic region where single-photon production is dom-ss
inated by the Bethe-Heitler cross section, and it is re-su
lated to different intensities of positive and negative muonss
beams for the data analysed in this paper. The mismatch
is discussed in Refs. [21, 30]. The total systematic uncer-
tainty X is obtained by quadratic summation of its com-
ponents for each bin separately.

Table 2: Summary of the estimated relative systematic uncertain-
ties for the |¢t| and ¢-dependent cross sections and the integrated
cross section. The values are given in percent. Note that the uni-
directional uncertainty o4 is a positive number, and o is a negative
number.

source ot —of of -0t oy -0y

pt flux 2 2 2 2 2 2

p flux 2 2 2 2 2 2

ECAL threshold 5 5 5 5 5 5

acceptance 4 7 4 7 4 7

kinem. fit 0 7 0 7 0 7

w background 0 1 0 1 0 1
rad. corr. 2 5 2 5 2 Q33
LEPTO norm. 528 3-11 551 321 8 3
yield mismatch ~ 4-13 37 012 312 9 3®
336
> 12-29 13-18 1253 13-25 14 143

338
339
6. Results 0
341
For the background corrected final data sample the av-3
erage kinematics are (Q?) = 2.0 (GeV/c)?, (v) = 12.8 GeVis
(zpj) = 0.093 and (—t) = 0.256 (GeV/c)?. The depen-s
dences of the measured cross section on |¢| and ¢ are shown
in Fig. 6, with the numerical values given in Table 3. The
cross section in bins of |¢| is shown in the top panel of
Fig. 6. It appears to be consistent with an exponential de-
crease with increasing [t| for values of |¢| larger than about
0.25 (GeV/c)?, while at smaller |t| the t-dependence be-
comes weaker. Our result is compared to the predictions of
two versions of the Goloskokov-Kroll (GK) model [15, 31].
The results of the GK model shown in this letter are ob-
tained by integrating over the analysis range in the same
way as it is done for the data. The dashed-dotted curve
represents the cross section from the earlier version [15]
as a function of |¢|, while the upwards pointing triangles
correspond to the cross section averaged over |t| bins of
the data. The mean cross sections for the full t-range are
compared in the rightmost part of this panel. Analogously,
the dotted curve and the downward pointing triangles cor-
respond to the later version of the model [31], which was
inspired by the results presented in this Letter. We observe
that for the earlier version of the model the magnitude ofss
the predicted cross section overshoots our measurement byss
approximately a factor of two. 347

8

The cross section as a function of ¢ averaged over the
full measured t-range is shown in the bottom panel of
Fig. 6 in eight ¢ bins of equal width. The full dots show
the measured cross section for each bin and the solid curve
represents the fit described below.

In order to extract the different contributions to the
spin-independent cross section, a binned maximum-likeli-
hood fit is applied to the data according to Eq. (4). In the
fit, the measured average value of the virtual-photon po-
larisation parameter is used, € = 0.996. The ¢-integrated
cross section determined by the fit is obtained as

dUT dO’L 4+ 1.2 nb
—_— —— ) = (8.2+£0.9¢at " 1 ——. (18
< dt| te dl¢| > ( tat 1‘2|5YS) (GeV/c)? (18)
The TT and LT interference terms are obtained as
dO'TT + 0.7 nb
= (—6.1 £ 1.35at" o —_— 19
< d|e] > ( tat = 0.7 sys) (GeV/c)? (19)
and
dO‘LT 4 0.3 nb
—— ) = (1.5 £ 0.56tat " o —_— 20
< dlt| > ( it 02y) (GeV/c)? (20)

We observe a large negative contribution by opr and a
smaller positive one by o7, which indicates a significant
role of transversely polarised photons in exclusive 7° pro-
duction.

The ¢-dependence of the measured cross section is com-
pared to the calculations of the GK model in the bottom
panel of Fig. 6. Apart from the discrepancy in the mag-
nitude of cross sections mentioned before, here we observe
also different shapes for the measurement and the model
predictions, which indicates that the relative contributions
of the interference terms o7 and orr are different when
comparing measurement and model.

Table 3: Numerical values of the average cross sections shown in
Fig. 6. For details see caption of Fig. 6.

2
lower (afeis )/ avrr  Jover (i) @ee
limit limit
- 047 (()):g!stat : 8'&|sys 0.08 164 F g:ﬂstat * g:g sys
=5 21 D0l D05l 015 164 T 3R] TR
T 21000k Toilye 022 116 2350, D13,
5 11t 81§|stat h giﬂsys 0.36 347 {.‘21|stat o5 sys
0 12808 D03y 05 15T GRlgar T 05l
19 D0 e T 03y
5 16 0l T 0Bl
0270 T 00l

According to Egs. (5) to (8), the different terms con-
tributing to the cross section for exclusive pseudoscalar
meson production, which appear in Eq. (4), depend on
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a function of ¢ (bottom). For the top panel the data was integrated
over ¢, while for the bottom panel it was averaged over the range39
0.08 (GeV/c)? < |t| < 0.64(GeV/c)2. The result of an integration®”
over ¢ and |¢| is shown in the right-most part of the top panel. Inner™®
error bars indicate the statistical uncertainty, outer error bars the®*
quadratic sum of statistical and systematic uncertainties. The data
is compared with two predictions of the GK model [15, 31]. Radia-*"
tive corrections are not applied but an estimate is included in the*’

: s 398
systematic uncertainties.
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Figure 6:
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ton cross section ($£%) as a function of [¢{| (top) and (
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400
401

GPDs ﬁ, E, Hy and Er = 2Hy + Ep. For n° Pro-,,
duction a large contribution from transversely polarisedaos
virtual photons is expected, which is mainly generated by+
the chiral-odd GPD Er. It manifests itself in a large con—:zz
tribution from opr and a dip in the differential cross sec-,,,
tion do/dt as |t| decreases to zero. These features are inas
qualitative agreement with our results and also with ear-*®°
lier measurements at different kinematics [9, 10, 13]. Theﬁ;J
COMPASS results on exclusive 7° production provide sig-,.,
nificant constraints on modelling the chiral-odd GPDs, inss
particular GPD E7. 1

415
416
417

7. Summary and conclusion s

. 419
9 muoproduction we have measured

Using exclusive 7 20
the t-dependence of the virtual-photon proton cross sectiona

for hard exclusive 7° production at (Q?) = 2.0 (GeV/c)?*2
423

9

(v) =12.8 GeV, (zp;) = 0.093 and (—t) = 0.256 (GeV /c)%.
Fitting the azimuthal dependence reveals a large nega-
tive contribution by oppr and a smaller positive one by
orT, which indicates a significant role of transversely po-
larised photons in exclusive 7° production. These results
provide important input for modelling Generalised Parton
Distributions. In the context of the phenomenological GK
model, the statistically significant 7"I" contribution consti-

tutes clear experimental evidence for the existence of the
chiral-odd GPD Er.
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