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Abstract

The elastic electroproduction of � mesons is studied at HERA with the H1 detector for
photon virtualities ���������	��
������ and hadronic centre of mass energies ������� �
����� GeV. The � � and � dependences of the cross section are extracted ( � being the square of
the four-momentum transfer to the target proton). When plotted as function of ( � � + � �� )
and scaled by the appropriate SU(5) quark charge factor, the � meson cross section agrees
within errors with the cross sections of the vector mesons V = � , � and  "!�# . A detailed
analysis is performed of the � meson polarisation state and the ratio of the production cross
sections for longitudinally and transversely polarised � mesons is determined. A small but
significant violation of s-channel helicity conservation (SCHC) is observed.

To be submitted to Phys. Lett. B.
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���
, A. Küpper �
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1 Introduction

Vector meson production in lepton-proton collisions is a powerful probe to investigate the nature
of diffraction. At HERA, because of the wide kinematic ranges in the photon virtuality, � � ,
and in the hadronic centre of mass energy, � , the details of the production mechanism can
be studied. It is also possible to select different vector mesons, allowing the cross section for
different quark types to be studied. Recent measurements of � meson electroproduction [1, 2]
for high � � values ( � ���� 10 ���
	 � ) and of ���� meson photo– and electroproduction [2–5]
show a strong energy dependence of the ������� ��� cross sections. This behaviour indicates
that the mass of the � quark or a high � � value provides a hard scale in the interaction, and we
study the elastic cross sections as a function of the scale ( � �����	�� ), where � � is the mass of
the vector meson.

This paper presents a measurement of elastic � meson electroproduction

��� � ��� �
� � � � �! "�#� $ � � $&%(' (1)

in the � � range from 1 to 15 �)��	 � , and in the � range from 40 to 130 GeV. The data were
obtained with the H1 detector in two running periods when the HERA collider was operated
with 820 GeV protons and 27.5 GeV positrons. A low � � data set ( *,+ � � + -.���
	 � )
with integrated luminosity of 125 /10 % � was obtained from a special run in 1995, with the � �
interaction vertex shifted by 70 cm in the outgoing proton beam direction. This results in a
higher acceptance for low � � production. A larger sample of integrated luminosity of 3 230 % �
with 4657-8+9� � +:*
-;���
	 � was obtained in 1996 under normal running conditions. The present
measurements provide detailed new information in the region * �+ � ���+=< ���
	 � and they
increase the precision of the H1 measurement of � electroproduction with � � � < ���
	 � , which
was first performed using data collected in 1994 [6]. They are compared to results of the ZEUS
experiment in photoproduction [7] and at � � �:> ���
	 � [8]. The elastic � meson cross section
is also compared to elastic � [1,2,9], ? [10], �@�A� [2–5] and B [11,12] meson production results
from H1 and ZEUS.

The event selection and the $ � $ % mass distribution is presented in section 2. In section 3,
the elastic � cross section is presented as a function of � � and � . In order to minimise the
uncertainties, the cross section is measured as a ratio to elastic � production, and the absolute
elastic � cross section is then extracted using the results for � production from [1]. A com-
pilation of the � , ? , � , ��A� , and B cross sections is presented as a function of ( � � + � �� ).
The C dependence of the elastic � cross section is analysed in section 4. A detailed analysis of
the photon and � meson polarisations is performed in section 5 and the 15 spin density matrix
elements are extracted. The ratio D of the longitudinal to transverse � cross sections is obtained
as a function of � � . A compilation of the measurements of D for elastic � , � and ��A� meson
production is presented as a function of � � / � �� .

The present analysis uses to a large extent the techniques described in the H1 publication on
elastic � production [1].
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2 Data selection

Elastic � electroproduction events are selected on the basis of their topology in the H1 detector1.
They must have a positron candidate and two oppositely charged hadron candidates, originating
from a vertex situated in the nominal � � � interaction region, with K � K % invariant mass in
the range from 1.00 to 1.04 GeV. The scattered positron is identified as an electromagnetic
cluster of energy larger than 15 GeV detected in the H1 backward electromagnetic calorimeter
SPACAL [14]2. The two hadron candidates are recognised as tracks of opposite signs, with
a momentum transverse to the beam direction larger than 100 MeV, reconstructed in the H1
central tracking detector with a polar angle in the range from 20 � to 160 � . The vertex must
lie within 30 cm along the beam axis from the nominal interaction point. The nature of the
hadrons is not explicitly identified. Their charge and momentum are measured in the central
part of the detector by means of a uniform 1.15 T magnetic field. No other activity must be
observed in the detector since the scattered proton remains in the beam pipe and is not detected
because of the small momentum transfer to the target in diffractive interactions. Events were
therefore rejected if there were signals in the forward part of the detector (forward muon and
forward proton tagger detectors) and if there were clusters in the liquid argon calorimeter with
an energy above 0.5 GeV not associated with the hadron candidates. To reduce effects of QED
radiative corrections, the selected events have to satisfy

�
� �

������� �	��
 � 45 GeV.

The � � variable is reconstructed from the incident electron beam energy and the polar angles
of the positron and of the � meson candidates (double angle method [15]). The � variable is
reconstructed using in addition the energy and the longitudinal momentum of the � meson
candidate.

The variable C is the square of the four-momentum transfer to the target proton. At HERA
energies, to a very good precision, the absolute value of C is equal to the square of the trans-
verse momentum of the outgoing proton. The latter is computed, under the assumption that
the selected event corresponds to reaction (1), as the square of the vector sum of the transverse
momenta of the � meson candidate and of the scattered positron. Events with � C�1+ 0.5 ���
	 �
are selected in order to reduce the remaining production of proton dissociation events which
have a flatter C distribution, and to suppress the production of hadron systems of which the � is
only part and in which the remaining particles were not detected.

The distribution of ����� , the two particle invariant mass computed under the assumption
that the hadron candidates are kaons, is presented in Fig. 1a and Fig. 1b for �����,+ 1.12 GeV
and for � ��� + 2.00 GeV, respectively. A clear � signal is observed in the data, with 424 events
in the range 1.00 +�� ��� + 1.04 GeV.

The main backgrounds to reaction (1) are due to diffractive � events in which the proton is
excited into a system of higher mass which subsequently dissociates, and to the elastic produc-
tion of � and ? vector mesons. The other backgrounds (other � decay channels, higher mass
resonances or non resonant production) are estimated to be less than a few percent. The fraction
of proton dissociation background is assumed to be the same for � as for � meson production

1A detailed description of the H1 detector can be found in [13].
2H1 uses a right-handed coordinate system with the � axis taken along the beam direction, the ��� direction

being that of the outgoing proton beam. The � axis points towards the centre of the HERA ring.
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and is taken to be 11 � 5 % as in [1]. The background due to � and ? production is estimated
using the DIFFVM simulation [16]. The DIFFVM Monte Carlo simulation program is based
on Regge theory and on the vector meson dominance model. The � and ? backgrounds are nor-
malised to the ����� distribution observed in the data, where ����� is the invariant mass computed
under the pion hypothesis for the hadron candidates. This is shown in Fig. 1c after the � signal
has been removed by selecting � ��� � 1.04 GeV. The background under the � peak from � and
? meson production is � � dependent and varies from 15 % to 4 %. For the full sample (2.5 +
� � + 15 �)��	 � ) this background is found to be 9 � 5 %.

The data are corrected for acceptances, efficiencies and detector resolution effects using the
DIFFVM Monte Carlo simulation. The response of the H1 detector is fully simulated.

3 Elastic cross section

The elastic � meson production cross section is obtained by first measuring the ratio of the �
to � cross sections and then using the � cross sections which were precisely measured as de-
scribed in [1]. In the ratio, several uncertainties cancel, most notably the luminosity uncertainty,
the contribution of the proton dissociation background and the trigger efficiency, which is very
similar for both data samples since it is mostly based on the positron detection in the SPACAL.
The remaining corrections account for the mass selection range and the differences in accep-
tances and C distribution. The correction for the accepted mass range (0.6 +������ + 1.1 GeV)
in the � sample is 1.16 � 0.02 � ��� � �% ��� �
� [1]; the correction for the mass range (1.00 + � � � +
1.04 GeV) in the � sample is estimated to be 1.03 � 0.01 using the DIFFVM simulation. In
both samples, hadron tracks must be detected in the central tracker with 4	� � +�
�+ * < � � . Dif-
ferences in the acceptances for the two samples, due to the different decay hadron and vector
meson masses, are estimated as a function of � � , � and C using the DIFFVM simulations for
� and � production. Differences in the detector efficiency for pions and kaons are taken into
account in the detector simulation. Finally the correction for events with � C � � 0.5 ���
	 � in the
� and � samples is estimated by assuming an exponentially falling � C � distribution, using recent
measurements for the slope parameter of the exponential [1, 2, 6–8]. The correction factor on
the � / � cross section ratio is 1.03 � 0.02, independent of � � . The branching ratios of 0.49 and
1.0 were used for the decays � � $ � $ % and �8�� � � % respectively.

Systematic errors on the measurement of the cross section ratio are estimated by varying
all corrections within the errors. In addition, in both the � and � simulations the cross section
dependence on � � , � , C and the vector meson angular decay distributions were varied by
amounts allowed by the present and most recent measurements [1,2,6–8].

The � � dependence of the � to � elastic cross section ratio is presented in Fig. 2 together
with previous H1 [6] and ZEUS [7, 8] results. The values of the ratio are given in Table 1. The
present measurements confirm the significant rise of the cross section ratio with � � . As � �
increases, the HERA cross section ratios approach the value 4 ��� expected from quark charge
counting and SU(5). It should be noted that calculations based on perturbative QCD predict that
the cross section ratio should exceed this value at very large � � [17]. The � dependence of the
� to � elastic cross section ratio is measured in the range 40 + W + 130 GeV and is observed
to be constant, within the experimental uncertainties.
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To extract the � � � � �6� cross section, the measurement of the � �
� cross section ratio is
multiplied by the � ��� � �A� cross section calculated from the fit in [1]. The values are given
in Table 1. The systematic errors on the � cross section measurement include the systematic
errors on the ratio of � to � cross sections, as well as an 8.4 % contribution coming from the
parametrisation error in the fit of the � cross section (see [1]), added in quadrature.

In Fig. 3, the cross section for the elastic production of � mesons (full squares) is presented
together with other vector mesons � and for various values of � � , as a function of the variable
( � � + � �� ). The data in Fig. 3 compile the HERA measurements [1–12] of the �@� � � ���
cross sections (see also [18]). The cross sections were scaled by SU(5) factors, according to the
quark charge content of the vector meson, which amount to 1 for the � , 9 for the ? , 9/2 for the
� , 9/8 for the ��A� and 9/2 for the B meson. The cross sections are measured at � = 75 GeV, or
are moved to that value according to the parametrisation ��� � �

, using the
�

value measured
by the corresponding experiment. The ZEUS � and � cross sections were corrected ( �+ 7 %)
for the unmeasured signal with � C� � 0.5 (or 0.6) �)��	 � by assuming a simple exponential fall
of d � ��� C � � ���

. In this procedure the observed � � dependence of the 	 slope was taken into
account.

Within the experimental errors, the total cross sections for vector meson production, includ-
ing the SU(5) normalisation factors, appear to lie on a universal curve when plotted as a function
of the scale � � � �9� �� 
 , except possibly for the B photoproduction3. A fit performed on the
H1 and ZEUS � data using the parametrisation ��
� � � � � �,� �� � � � 
 ��� , with � � = 10689 �
165 nb, � � = 0.42 � 0.09 ���
	 � and � � = – 2.37 � 0.10 ( � � ������� = 0.67) is shown as the curve
in Fig. 3. The ratio of the ? , � and �@�A� cross sections to this parametrisation is presented in
the insert of Fig. 3. Note that the universal � � � � � �� 
 dependence is for the total cross section
measurements only. The separate behaviour of the longitudinal and transverse cross sections is
described in ref. [18].

� � (GeV � ) � ( � )/ � ( � ) � � �3����� �1� ) (nb)
1.3 0.132 � 0.027 � 0.008 220 � 45 � 24
2.22 0.140 � 0.011 � ��� �
�
�% ��� ���
� 96.3 � 7.6 � 10.6

2.73 0.159 � 0.015 � ��� ��� �% ��� ����� 75.3 � 7.1 � 8.3

3.44 0.175 � 0.016 � ��� ��� �% ��� ����� 53.7 � 4.9 � 5.9

4.82 0.197 � 0.019 � ��� ��� �% ��� ����	 31.3 � 3.0 � 3.4

7.53 0.208 � 0.025 � ��� ��� �% ��� ��� � 13.3 � 1.6 � 1.5

12.1 0.207 � 0.046 � ��� ��� �% ��� ��� � 4.9 � 1.1 � 0.5

Table 1: Ratio of the cross sections for elastic � and � production and the elastic � meson cross
sections � � � � ��� �1� 
 , for seven � � values. The cross sections are given for � = 75 GeV. The
first error represents the statistical error and the second the systematic error.

3The cross sections ����������� �"!$#�%&�'% measured by H1 and ZEUS at ( = 143 and 120 GeV respectively [11,
12], were moved to the value ( = 75 GeV using the parametrisation �*)+(-, , with . = 1.7. This high value of the
parameter . comes from the prediction of [19]. Note that if the value . = 0.8 is used (a value measured in case of/'021

photoproduction), the cross sections increase by a factor 1.5 for ZEUS and 1.8 for H1.
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full error bars include the systematic errors added in quadrature. The dashed line corresponds
to the ratio 4 ��� .

4 Dependence on �

In this section and the following one, the elastic � meson production is studied using the �
sample defined above, with the additional selection: the centre of gravity of the scattered
positron cluster was required to lie outside the innermost part of the SPACAL calorimeter
� * < +��!+�� cm and � � +�� + * < cm in order to obtain good ( � 95 %) and uniform
trigger efficiency. The number of elastic � candidates is then reduced to 221 events for 2.5 +
� � + 15 �)��	 � .

The measured � C� dependence is shown in Fig. 4 and the characteristic falling exponential
distribution is observed. To take into account the contribution of different backgrounds, the � C�
distribution is fitted by the sum of three exponentials corresponding to the elastic � component,
the diffractive � component with proton dissociation and the ? and � production. The elastic
� component is fitted with a free normalisation and a free slope parameter 	 , whereas the other
contributions are fixed to their calculated values. The contribution of diffractive � events with
proton dissociation of * * � -�� of the elastic signal and a slope parameter of 465 - �,* 5 �;�)��	 % � ,
was taken from [1]. The ? and � background contributions, amounting to � � -�� of the signal
(see section 2), have an effective slope parameter 	 = 2.9 � 0.6 ���
	 % � , computed using the
DIFFVM simulation.

The fitted exponential slope parameter for elastic � events is found to be 	 
 5.8 � 0.5 (stat.)
� 0.6 (syst.) ���
	 % � , for an average � � value of 4.5 ���
	 � and � �
	 =75 GeV. The systematic
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error is computed by varying the amounts of the background contributions and their slopes
within the quoted errors, and by varying the binning and the limits of the fit. The effect of the
QED radiative corrections on the 	 measurement is estimated using the simulation DIFFVM
including a HERACLES [20] interface, and is found to decrease the value of the 	 measurement
by 0.13 ���
	 % � (the 	 value given above is not corrected for this effect). This result can be
compared with other measurements, 	 
 > 5�� � * 5 � � �65 � �)��	 % � in photoproduction [7] and
	 
 -15 4 �9* 5 < � * 5 � �)��	 % � for � � � 	 = 10 ���
	 � [6]. The data are consistent with a decrease of
the slope parameter as � � increases; this would be expected from the decrease of the transverse
size of the virtual photon.

The value of the 	 slope parameter is in agreement within the errors with the one obtained
in elastic � meson production: 	 = 5.5 � 0.5 (stat.) � ��� �% ��� � (syst.) ���
	 % � , at � � = 4.8 �)��	 � [1].

5 Polarisation studies

The study of the angular distributions of the production and decay of the � meson provides
information on the photon and � meson polarisation states. In the helicity system [21], three
angles are defined as follows. The angle � , defined in the hadronic centre of mass system
(cms), is the azimuthal angle between the electron scattering plane and the plane containing
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the � meson and the scattered proton. The � meson decay is described by the polar angle 

and the azimuthal angle � of the positive kaon in the $ � $ % rest frame, with the quantisation
axis taken as the direction opposite to that of the outgoing proton in the hadronic cms (the so
called helicity frame). Details of the kinematics and the mathematical formalism can be found
in [21] and [1]. The normalised angular decay distribution � ( ����� 
 , � , � ) is expressed as a
function of 15 spin density matrix elements corresponding to different bilinear combinations
of the helicity amplitudes �	��
 � �� , where ��� and ��� are the helicities of the � meson and of the
photon, respectively. In the case of � -channel helicity conservation (SCHC), the helicities of the
� meson and the photon are equal, only the amplitudes � �
� , � �
� , and � % � % � are different from
zero and 10 of the 15 matrix elements are zero.

The matrix elements are measured using projections of the decay angular distribution onto
orthogonal trigonometric functions of the angles 
 , � and � [21]. The results are presented in
Fig. 5 in two � � bins: 465 - + � � +��35 - ���
	 � and �357- + � � +:*
-)���
	 � . In Fig. 5, the results are
not corrected for the small effects due to proton dissociation, ? and � production backgrounds
and radiative effects.

The matrix elements generally follow the SCHC predictions, except for the elements � ��
�
and � ��
� , which may indicate a small violation of SCHC. The matrix element � ��
� is proportional
to the product ������ � ��� of helicity amplitudes, the dominant SCHC violating amplitude being � ���
( � � = 0 and � � = 1).

Predictions from recent models based on perturbative QCD [22–24] are compared to the
measurement of the 15 matrix elements. The models are expected to be valid at high � � (pro-
viding a scale for the perturbative expansion) and at high energy: � ��� � ��� � ������ . The
� meson production is factorised, in the proton rest frame, into three parts involving different
time scales: the fluctuation of the photon into a  "! state, at a large distance from the target, the
hard scattering of the  "! pair with the proton, modelled as two-gluon exchange, and the  "! pair
recombination into a � meson wave. The amplitudes are computed separately for the different
helicities of the photon and the � meson. In models [23, 24], the gluon density in the proton is
used for the computation of the hard scattering amplitude. Differences between the models are
related to the way of introducing quark off-shellness and Fermi motion. All models describe
the data relatively well, predicting in particular a non-zero value for the � ��
� matrix element (see
Fig. 5). The model [23] gives a poorer description of the � � dependence of the � �
��
� , � �� % � and
Im � � � % � matrix elements, which are correlated, than the models of [22,24].

Another way to study the violation of SCHC is to measure the � angular distribution:
� � � 
 � * �$# �����34 � � 4�� ��
� � � ��
� 
 �&% 4 # � * � # 
'����� � � 4�� � �
� � � ��
� 
 , where # is the polari-
sation parameter of the virtual photon. In the case of SCHC, this distribution is predicted to be
uniform, the matrix elements � ��
� , � ��
� , � � �
� and � ��
� being zero.

The � distribution for the elastic � meson production is presented in Fig. 6a. The distri-
bution is corrected for the presence of � and ? backgrounds (hashed area). The result of the
fit to the function � � � 
 is given as the full line and shows a clear ����� � dependence with a
small ����� 4 � modulation. The extracted values for the combination � 4�� � �
� � � ���� 
 are presented in
Fig. 6b for three bins in � � . The � and ? background subtraction in the � distribution reduces
the value of the combination � 4(� � �
� � � ���� 
 by 13 % (around half of the statistical error). In Fig. 6b,
the effect of QED radiative corrections on the measurement of the combination � 4(� ���� � � ���� 
 was
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� � (GeV � ) D 
 ��� � ���
2.0 0.47 � ��� � 	% ��� ���

� ��� � �
% ��� �
	

2.9 0.87 � ��� � �% ��� � �
� ��� � �% ��� �
	

4.5 1.48 � ��� � �% ��� �
�
� ��� � �% ��� �
�

8.6 5.9 � � � 	% � � �
� � � �
% ��� �

Table 2: Ratio of the longitudinal to transverse cross sections for elastic � meson production,
for four � � values. The first error represents the statistical error and the second the systematic
error.

taken into account. This effect was estimated using the DIFFVM simulation including a HER-
ACLES [20] interface, and reduces the observed value of the combination � 4(� ���� � � ���� 
 by 17 %.
The combination � 4(� ��
� � � ��
� 
 obtained from the fit deviates significantly from the zero predic-
tion of SCHC (a 5 � effect). The values of the combination � 4(� � �
� � � ��
� 
 are similar to the ones
obtained in case of elastic � meson production [1].

From the measurement of the spin density matrix elements, the ratio D of cross sections
for � meson production by longitudinal and transverse virtual photons can be extracted. As the
SCHC violating amplitudes are small compared to the helicity conserving amplitudes, one can
make4 the SCHC approximation in order to estimate D , which is then obtained directly from
the measurement of the matrix element � �
��
� [1].

The � � dependence of D is presented in Fig. 7a, together with other measurements per-
formed under the SCHC approximation [6–8], see also table 2. It is observed that D rises
steeply with � � , and that the longitudinal cross section dominates over the transverse cross
section for � �.�� 3 ���
	 � . The rise of D with � � for � meson production is slower than for
the � meson [1]. However, when plotted as a function of � � � � �� , the ratio D appears to show
a common dependence for different vector mesons [1–10], see Fig. 7b (for further details see
ref. [18]).

6 Summary

The elastic electroproduction of � mesons has been studied with the H1 detector in the kine-
matic range 1 + � � + 15 ���
	 � and 40 +!� + 130 GeV. The � � dependence of the cross
section is presented in the form of the ratio to the elastic � meson cross section. A significant
rise of the ratio with � � is observed. The elastic � meson cross section is extracted using re-
cent H1 results of elastic � meson production. A compilation of the elastic � , ? , � , ���� and
B meson cross sections, scaled by SU(5) factors, is presented as a function of ( � � + � �� ). A
common dependence is observed within experimental errors. The � C � dependence of the elastic
� meson cross section is well described by an exponentially falling distribution. The full set
of spin density matrix elements is measured in two � � bins. Predictions based on perturbative
QCD are compared to the measurements. The combination � 4(� � �
� � � ��
� 
 is extracted from the

4The effect of SCHC violation on the measurement of � is of the order of 3 %.
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� angle distribution and is observed to deviate from zero, which indicates a small but signif-
icant violation of the � -channel helicity conservation (SCHC) approximation. The ratio D of
longitudinal to transverse � meson production cross sections is observed to increase with � � . A
common dependence for D as a function of � � � � �� is observed for elastic � , � and �@�A� meson
production.
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