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K. Krügerj, A. Küpperag, T. Kuhrk, T. Kurčap, D. Lambc, M.P.J. Landons, W. Langeai,
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Abstract

The helicity structure of the diffractive electroproduction ofρ mesons,e + p → e + ρ + Y , is studied in a previously
unexplored region of large four-momentum transfer squared at the proton vertex,t : 0< t ′ < 3 GeV2, wheret ′ = |t | − |t |min.
The data used are collected with the H1 detector at HERA in the kinematic domain 2.5<Q2< 60 GeV2, 40<W < 120 GeV.
No t dependence of ther04

00 spin density matrix element is found. A significantt dependent helicity non-conservation from the

virtual photon to theρ meson is observed for the spin density matrix element combinationsr500 + 2r511 andr100 + 2r111. These
t dependences are consistently described by a perturbative QCD model based on the exchange of two gluons. 2002 Elsevier
Science B.V. All rights reserved.

1. Introduction

Measurements of exclusive vector meson (VM)
production inep scattering at high energy

(1)e+ p→ e+ VM + Y
have led to considerable recent progress towards an
understanding of diffraction in terms of QCD [1–4].
The reaction is induced by a real or virtual photon and
Y is either a proton (“elastic” scattering) or a baryonic
system of massMY which is much lower than the
photon–proton centre of mass energyW (“proton
dissociative” scattering). Particularly sensitive tests of
QCD models are provided by the study of the helicity
structure of the interaction and itst dependence,
t being the square of the four-momentum transfer
from the incident proton to the scattered systemY .
The scope of this Letter is to test diffractive dynamics
through the extension of helicity amplitude extractions
for exclusiveρ0 electroproduction to larger values of
|t| than has previously been possible.

Three angles are defined to characterise the elec-
troproduction of vector mesons decaying into two
charged particles:Φ is the angle between the VM pro-
duction plane (defined as the plane containing the vir-
tual photon and the VM directions) and the electron
scattering plane in the (γ �p) centre of mass system,
θ∗ andϕ are the polar and the azimuthal angles, re-
spectively, of the positively charged decay particle in
the VM rest frame, the quantisation axis being taken
as the direction opposite to that of the outgoingY sys-
tem. In this Letter, the distributions of the anglesΦ
andθ∗ are analysed.

The angular distributions give access to spin den-
sity matrix elements, which are bilinear combinations
of the helicity amplitudesTλVMλγ , whereλVM (λγ )
is the vector meson (virtual photon) helicity [5]. In

the case of vector meson electroproduction by unpo-
larised beams and their subsequent decay into two
pseudoscalar particles (ρ → π+π−, φ → K+K−),
theΦ andθ∗ distributions, integrated over the other
two angles, are related to 5 of the 15 spin density ma-
trix elementsrkij andrklij through the relations [5]

(2)

dσ

dΦ
∝ 1+ √

2ε(1+ ε)cosΦ
(
r5
00 + 2r5

11

)

− ε cos2Φ
(
r1
00 + 2r1

11

)
,

(3)
dσ

d cosθ∗ ∝ 1− r04
00 + (

3r04
00 − 1

)
cos2 θ∗,

whereε is the polarisation parameter, i.e., the ratio of
the longitudinal to transverse virtual photon fluxes. For
this analysisε 	 0.99 [1].

Assuming natural parity exchange to hold
(T−λVM−λγ = (−1)λVM−λγ TλVMλγ ), these five spin
density matrix elements are related to the five inde-
pendent complex helicity amplitudes by the following
relations:

r04
00 ∝ 1

N

(|T00|2 + |T01|2
)
,

r5
00 ∝ 1

N
Re

(
T00T

†
01

)
,

r5
11 ∝ 1

N

(
Re

(
T10T

†
11

) − Re
(
T10T

†
1−1

))
,

r1
00 ∝ −1

N
|T01|2,

r1
11 ∝ 1

N

(
T1−1T

†
11 + T11T

†
1−1

)
,

(4)

with N = |T00|2 + |T11|2 + |T01|2
+ 2|T10|2 + |T1−1|2.

In the case ofs-channel helicity conservation (SCHC),
λVM = λγ , only theT00 and T11 helicity “non-flip”
amplitudes are non-zero,r5

00 = r5
11 = r1

00 = r1
11 = 0
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and the ratioR of the cross sections for longitudinal to
transverse photons is given byR = 1/εr04

00/(1− r04
00).

In recent years, the spin density matrix elements
describing process (1) have been measured for the
elastic electroproduction ofρ and φ mesons in the
kinematic rangeQ2 > 2.5 GeV2 and |t| < 0.5 GeV2

[1–3], Q2 being the negative square of the virtual
photon four-momentum. Three main features have
emerged from these measurements:

• the dominance of the longitudinalT00 over the
transverseT11 helicity non-flip amplitudes;

• the presence of a small but significant violation of
SCHC, observed through the non-zero value of the
r5
00 matrix element, in which the dominant helicity

single flip amplitude describes the transition from
a transverse photon to a longitudinal vector meson
(T01);

• values compatible with zero for the other ampli-
tudes describing single (T10) or double helicity
flip (T1−1).

These features are in agreement with calculations
based on perturbative QCD (pQCD) [6–8]. In these ap-
proaches, vector meson electroproduction is described
in the proton rest frame as the convolution of a vir-
tual photon fluctuation into aqq̄ pair at a long dis-
tance from the target, a hard interaction mediated by
the exchange of two gluons (each of them must carry
sufficiently large transverse momentum to resolve the
qq̄ pair and the proton structure), and the subsequent
recombination of the quark pair into a vector meson.
For massless quarks, the helicity of theqq̄ pair is zero,
such that the helicity of the virtual photon is trans-
ferred into the projection of the orbital angular mo-
mentum of theqq̄ pair onto theγ � direction. During
the interaction, the helicity and the impact parameter
of the quark pair are unchanged, but the orbital angu-
lar momentum can be modified through the transfer of
the transverse momentum carried by the gluons. The
helicity of the outgoing vector meson can thus be dif-
ferent from that of the incoming photon. Calculations
show that such a helicity flip between the photon and
the vector meson requires an asymmetric sharing of
the photon longitudinal momentum by the quark and
the antiquark [6–8].

For Q2 above a few GeV2 and |t| � Q2, the
following features are expected for the (predominantly

imaginary) amplitudes:

• a ratio constant witht for the helicity conserving
amplitudes|T11|/|T00|;

• a
√|t| dependence for the ratio of the single

helicity flip to the non-flip amplitudes|T01|/|T00|
and|T10|/|T00|;

• a dependence linear witht for the ratio of the dou-
ble flip to the non-flip amplitudes|T1−1|/|T00|;

• the hierarchy:

(5)|T00|> |T11|> |T01|> |T10|> |T1−1|.

These features are expected to hold for proton disso-
ciative as well as for elastic scattering.

Compared to previous results [1–3], the present
Letter extends considerably thet range of the mea-
surement of spin density matrix elements forρ meson
diffractive electroproduction

(6)e+ p→ e+ ρ + Y, ρ→ π+π−,

where theρ mass range is defined by restricting the
invariant massMππ of the decay pions to the interval

(7)0.6<Mππ < 1.1 GeV.

Elastic and proton dissociative data are combined,
and the kinematic domain of the measurement is:

2.5<Q2< 60 GeV2,

40<W < 120 GeV,

(8)0< t ′ < 3 GeV2.

The variablet ′ = |t| − |t|min is used for the analysis,
where|t|min is the minimal value of|t| kinematically
required for the vector meson and the systemY
to acquire their effective mass through longitudinal
momentum transfer. Thet ′ variable, which is very
well approximated as the square of the transverse
momentum of the scattered systemY , describes the
transverse momentum transfer to the target and is thus
the relevant dynamical variable. In the elastic case and
for moderateQ2, |t|min is negligible andt ′ 	 |t|.

The larget ′ domain covered by the present data
allows for the first time a detailed study of thet ′
dependence of the helicity structure of diffractive
vector meson electroproduction.
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2. Experimental procedure

2.1. Event selection, kinematic variables and Monte
Carlo simulations

The data used for the present analysis were taken
with the H1 detector in 1997. The energies of the
HERA proton and positron beams19 were 820 GeV
and 27.5 GeV, respectively. The integrated luminos-
ity used for the analysis amounts to 6.0 pb−1. The
relevant parts of the detector, for which more details
can be found in [1,9], are the central tracking detector,
the liquid argon (LAr) and the backward electromag-
netic (SPACAL) calorimeters and the forward detec-
tors, which are sensitive to energy flow close to the
outgoing proton direction,20 i.e., the proton remnant
tagger (PRT) and the forward muon detector (FMD).

Events corresponding to reaction (6), in the kine-
matic range defined by relations (8), are selected by re-
questing the reconstruction of a cluster in the SPACAL
calorimeter with energy larger than 17 GeV (the scat-
tered electron candidate) and the reconstruction in the
central tracking detector of the trajectories of exactly
two charged particles (pion candidates) with opposite
charges, transverse momenta larger than 0.1 GeV and
polar angles confined within the interval 20◦ < θ <
160◦. To reduce the background due to diffractive pro-
duction ofφ mesons, events withMKK < 1.04 GeV
are discarded, whereMKK is the invariant mass of
the two hadron candidates when considered as kaons
(no direct hadron identification is performed for this
analysis). In order to reduce both QED radiative cor-
rections and background contributions in which there
are unreconstructed particles, a cutE − pz > 52 GeV
is applied.E − pz is the difference of the energies
and the longitudinal momenta of the scattered electron
(measured in the SPACAL) and the pion candidates
(measured in the central tracking detector); it is ex-
pected to be close to twice the incident electron beam
energy, i.e., 55 GeV, if no other particles have been
produced except for the forward going systemY . To
avoid backgrounds due to the diffractive production of

19 In the following, the word electron will be used for both
electrons and positrons.

20 In the H1 convention, thez axis is defined by the colliding
beams, the forward direction being that of the outgoing proton beam
(z > 0) and the backward direction that of the electron beam (z < 0).

systems decaying into two charged and additional neu-
tral particles, all events are rejected in which a cluster,
which is not associated with the electron or the two
charged pion candidates, is reconstructed with polar
angle larger than 20◦ and energy larger than 400 MeV
(300 MeV) in the LAr (SPACAL) calorimeter.

The ρ three-momentum is computed as the sum
of the two charged pion candidate momenta. The
variableQ2 is reconstructed using the double angle
method [10]:

(9)Q2 = 4E2
0 sinθρ(1+ cosθe)

sinθe + sinθρ − sin(θe + θρ) ,
whereE0 is the energy of the incoming electron and
θe andθρ are the scattered electron andρ meson polar
angles, respectively. The variableW is calculated
using the Jacquet–Blondel method [11]:

(10)W2 = y · s − pt,ρ
2

1− y , with y = Eρ − pz,ρ
2E0

,

s being the square of theep centre of mass energy and
Eρ , pz,ρ andpt,ρ being the energy, the longitudinal
and the transverse momentum of theρ meson, respec-
tively. The electron transverse momentum is computed
as

(11)pt,e = 2E0 −Eρ +pz,ρ
tan(θe/2)

.

The variablet ′ is then determined from the scattered
electron andρ momentum components transverse to
the beam direction as

(12)t ′ 	 ( �pt,miss)
2 = ( �pt,e + �pt,ρ)2.

The selected events are classified in two categories,
corresponding to the absence or presence of activity
in the forward part of the H1 detector. An event is
classified in the “notag” sample when no signal above
noise is detected in the PRT and the FMD, and no track
and no LAr cluster with energy larger than 400 MeV
is reconstructed with polar angleθ < 20◦. Conversely,
events are classified in the “tag” sample if a signal is
observed in either the PRT or the FMD, or if a track
or a LAr cluster with energy larger than 400 MeV is
reconstructed in the forward part of the H1 detector
(θ < 20◦).21 For the tagged events, a pseudorapidity

21 In the case of proton dissociative scattering, this corresponds
to an excitation mass of the targetMY � 25 GeV.
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Fig. 1. Uncorrectedπ+π− mass distributions for the selected events with 0.3< Mππ < 1.3 GeV. The shaded areas describe theω andφ
backgrounds and the hatched areas theρ′ background. (a) and (c) show tag events witht ′ < 0.5 GeV2 and 0.5< t ′ < 3.0 GeV2, respectively;
(b) and (d) show notag events.

interval of at least 2.2 units22 is required between
the most backward track or LAr cluster withθ <
20◦ (or the forward edge of the LAr calorimeter in
the absence of track or cluster withθ < 20◦), and
the most forward charged pion candidate. To first
approximation, the notag and tag samples could be
attributed to the elastic and the proton dissociative
processes, respectively. However, elastic events fall
in the tag sample when|t| is large enough for the
scattered proton to hit the beam pipe walls or adjacent
material, leading to secondary particles which give a
signal in the forward detectors. This effect becomes
significant for t ′ � 0.75 GeV2. Conversely, proton
dissociative events are classified in the notag sample
for small masses,MY � 1.6 GeV, or in the case of
inefficiencies of the forward detectors.

22 The pseudorapidityη of an object with polar angleθ is defined
asη= − log tan(θ/2).

The uncorrectedπ+π− mass distributions are
shown over the extended mass region 0.3< Mππ <

1.3 GeV in Fig. 1, separately for the tag and the notag
samples, fort ′ < 0.5 GeV2 and for 0.5< t ′ < 3 GeV2.
Clearρ meson signals are visible in all distributions.

Monte Carlo simulations based on the DIFFVM
program [12] including QED radiation [13] are used to
describe the production and decay ofρ vector mesons
in elastic and proton dissociative scattering, and to
correct the data for acceptance, smearing and radia-
tive effects. The simulations include the angular dis-
tributions corresponding to the measurements of the
present analysis for ther04

00 matrix element (cosθ∗ dis-
tribution) and ther5

00 + 2r5
11 andr1

00 + 2r1
11 combina-

tions (Φ distribution). Other angular distributions and
correlations are taken in the SCHC approximation, and
the cosδ parameter, which describes the interference
between the longitudinal and transverse amplitudes, is
taken from the elastic scattering measurement [1] in
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the relevantQ2 range. The exponential slope of thet
distribution isbel = 7 GeV−2 for elastic scattering [1]
andbpd = 1.7 GeV−2 for proton dissociative scatter-
ing, values which describe well thet ′ distribution of
the present data. Thet ′-integrated cross section ratio
for proton dissociative to elastic scattering is taken as
0.75 in the presentQ2 range [14]. For proton dissocia-
tive scattering, theMY spectrum is parameterised as
dσ/dM2

Y ∝ 1/M2.15
Y (see [15]) and corrections are ap-

plied for the loss of events with largeMY values when
particles of the dissociation system are reconstructed
in the detector with polar anglesθ > 20◦. All these pa-
rameters have been varied in the simulation as a part
of the systematic error analysis.

DIFFVM simulations have also been used forω,
φ andρ′ background studies (see next section). In all
cases, thet slopes are chosen to bebel = 6 GeV−2

for elastic scattering andbpd = 2.5 GeV−2 for pro-
ton dissociative scattering. The ratios of the proton
dissociative to elastic channels, integrated overt ′, are
0.75. In the absence of measurements in electropro-
duction, the angular distributions forω, φ (except for
φ→K+K− [3]) andρ′ are treated as isotropic.

2.2. ω, φ andρ′ backgrounds

Diffractive electroproduction ofω and φ mesons
can fakeρ production through the decay channels

ω→ π+π−π0,

(13)φ→ π+π−π0, φ→K0
SK

0
L,

if the decay photons of theπ0 or theK0
L meson are

not detected. This happens if the deposited energy is
associated with the charged pion tracks or does not
pass the detection threshold in the detector. Thept im-
balance of the event due to the loss of particles can
then be interpreted asρ production at larget ′, follow-
ing Eq. (12). These background contributions, which
are concentrated below the selectedρ mass range (7),
are estimated using the Monte Carlo simulations. The
ratios of the production cross sectionsω/ρ andφ/ρ
are, for the presentQ2 range, taken as 0.09 [16] and
0.20 [3], respectively.

Another background reaction, particularly impor-
tant for larget ′ in the selected mass range (7) is the

electroproduction ofρ′ mesons23 decaying into two
charged pions and twoπ0:

(14)ρ′ → ρ+π−π0, ρ+ → π+π0 (+c.c.).

Again, the non-detection of the twoπ0 mesons in-
ducespt imbalance which fakesρ production at
large t ′. No measurements exist in the relevantQ2

range of theρ′ → π+π−π0π0 to ρ cross section ra-
tio. The ρ′ contribution is thus determined in Sec-
tion 2.3 from the data themselves, using the events
with 0.5< t ′ < 3 GeV2.

It is important to recognise that the presence of
backgrounds at larget ′ values affects differently the
tag and the notag samples defined in Section 2.1. As
mentioned there, genuine production ofρ mesons at
large t ′, either due to proton dissociative or elastic
scattering, usually gives a signal in the forward de-
tectors and contributes mainly to the tag sample. In
contrast,ω, φ and ρ′ background events, produced
mainly at low t ′ but faking hight ′ρ production, con-
tribute to either the tag or the notag sample, depending
on whether the proton dissociates and on the detector
response. The ratio of theρ signal to background at
high t ′ is thus significantly higher in the tag sample
than in the notag sample.

2.3. Determination of theρ′ background

In order to determine theρ′ background, a new
variable,ζ , is introduced

(15)ζ = �pt,miss· �pt,ρ
| �pt,miss|| �pt,ρ| .

For ρ′ events produced at lowt ′ and faking high
t ′ρ production, �pt,miss is due to the two missingπ0

mesons and, in the presentQ2 range, is generally
aligned along the (π+,π−) direction. This gives for
theρ′ background aζ distribution peaking around+1,
as shown in Fig. 2(a), (b); the same effect is found
for ω andφ production with the decay channels (13).
In contrast, for genuine hight ′ρ production, �pt,miss
is the transverse momentum of the scattered proton

23 The detailed structure [17] of the states described in the past as
theρ′(1600) meson is not relevant for the present study. The name
ρ′ is used to imply all vector meson states with mass in the range
1300–1700 MeV. In the simulations, theρ′ mass and width are taken
as 1450 MeV and 300 MeV, respectively.
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Fig. 2. Distributions of (a), (b) theζ and (c), (d) theΦ variables of the selected events in the mass range (7) with 0.5< t ′ < 3 GeV2, in the
tag (a) and (c) and in the notag (b) and (d) sample. The shaded areas describe theω andφ background as obtained from the simulations. The
hatched areas correspond to theρ′ background and the open areas to theρ contribution, as determined using the iterative fitting procedure
described in Section 2.3.

or baryonic system, leading to a flatterζ distribution,
with maxima at −1 and +1. The ζ and theΦ
distributions are strongly correlated: positiveζ values
correspond toΦ angles close to 0◦ and 360◦, whereas
for negativeζ , centralΦ values are selected. This is
visible in Fig. 2(c), (d), which compare background
events (for whichζ is mostly positive) toρ events (for
which negativeζ values dominate).

An iterative fitting procedure is performed to esti-
mate theρ′ background, whilst dealing with thisζ–Φ
correlation. After subtraction of theω and φ back-
grounds using the Monte Carlo simulations, the se-
lected events in the mass range (7) are divided into
four subsamples: tag events and notag events, sepa-
rately with ζ < 0 and withζ > 0. Each of these four
samples contains two contributions, due to genuineρ

production and toρ′ background. These eight con-
tributions (eight unknowns) are determined through

an overconstrained fit, performed using the MINUIT
package [18], to the numbers of events in the four
samples (four measurements), under the following six
constraints, obtained using the Monte Carlo simula-
tions:

(i) two constraints describe the asymmetry of theζ
distribution ofρ events (i.e., the ratio of the num-
bers of events withζ < 0 and withζ > 0), sep-
arately for the tag and for the notag sample (see
the open areas in Fig. 2(a) and (b), respectively);

(ii) similarly, two constraints describe the asymmetry
of the ζ distribution forρ′ events, separately for
the tag and notag samples (hatched areas);

(iii) the last two constraints, defined separately for
ζ < 0 and for ζ > 0, are the probabilities for
anyρ′ event (elastic or proton dissociative) to be
tagged; the ratio of the proton dissociative to elas-
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tic ρ′ production cross sections is taken as 0.75 in
the simulation.

An estimate of theρ′ background is thus obtained,
and itsΦ distribution is computed using the simula-
tion. Relation (2) is then fitted to theΦ distribution in
the tag sample, fully corrected for background, accep-
tance, smearing and radiative effects, to extract val-
ues of the spin density matrix element combinations
r5
00 + 2r5

11 andr1
00 + 2r1

11. These values are fed back
into theρ simulation, leading to a modification of the
simulatedΦ and henceζ distributions, which provides
new values for the constraints describing the asymme-
try of the latter (see item (i) above). The fitting pro-
cedure is repeated, and the iterative process converges
after a few steps to stable background estimates, inde-
pendent of the starting values of the spin density ma-
trix elements in theρ Monte Carlo simulation.

Fig. 2 presents theζ andΦ distributions of the
selected events with 0.5< t ′ < 3 GeV2, separately for
the tag and the notag samples. They are well described
by the superposition of theω andφ background, theρ′
background and theρ contribution, as determined
from the iterative fitting procedure. The dominant
background is found to be fromρ′ production and,
as expected, the backgrounds are larger in the notag
sample and affect mainly theζ > 0 region.

This procedure thus provides an estimate of the
ρ′/ρ cross section ratio for 0.5< t ′ < 3 GeV2. This
estimate is extended tot ′ < 0.5 GeV2, under the
assumptions quoted in Section 2.1 for thet slopes and
for the proton dissociative to elastic cross section ratio.

The background contributions are shown in
Fig. 1(a)–(d). After background subtraction, relativis-
tic Breit–Wigner functions, with the Ross–Stodolsky
skewing parameter [19] left free, are fitted to the
fully corrected data, yieldingρ mass and width val-
ues in excellent agreement with expectations [17] and
good χ2 values. The data are thus very well de-
scribed by diffractiveρ production with contributions
of additionalω, φ and ρ′ backgrounds. The elastic
cross section at lowt agrees with previous measure-
ments [1].

2.4. Systematic errors

In addition to the effect of varying the number
of bins, the systematic uncertainties affecting the

measurements described in Section 3 are grouped into
three classes:

• Uncertainties in the amount and shape of the
backgrounds.The amount ofω and φ back-
grounds is varied by±50%. The uncertainty in
the amount ofρ′ background fort ′ > 0.5 GeV2

is estimated by varying, for the fit procedure, the
ζ separation between the samples (at−0.4, −0.2,
0.2 and 0.4 instead of 0). The fractions of back-
ground events withζ < 0 (see Fig. 2(a), (b) are
also multiplied by 2 and 0.5. Fort ′ < 0.5 GeV2,
theρ′/ρ cross section ratio is changed by±50%.
The shape of the background in theΦ distrib-
ution (Section 3.1) is modified by keeping the
total amount fixed, but changing the fraction as-
signed to the two extremeΦ bins by±50% (see
Fig. 2(c), (d)). For the cosθ∗ distribution (Sec-
tion 3.2), the shape of the background is var-
ied from flat to the same distribution as that
of the ρ signal. The following model uncertain-
ties in the background simulations are also in-
cluded: thet slopes are varied (bel = 6±1 GeV−2

and bpd = 2.5 ± 1 GeV−2), the proton disso-
ciative to elastic production cross section ratio
is changed from 0.75 to 0.5 and to 1.0, and
the mass and width of theρ′ meson are var-
ied: Mρ′ = 1450± 150 MeV andΓρ′ = 300±
150 MeV.

• Uncertainties affectingρ production. For the sim-
ulation ofρ meson production, thet slopes (bel =
7 ± 1 GeV−2 andbpd = 1.7+0.8

−0.7 GeV−2) and the
proton dissociative to elastic production cross sec-
tion ratio(0.75± 0.25) are changed, and the cross
section dependences onQ2 and W are varied
within limits of the measurements in [1]. Fur-
thermore, theM2

Y spectrum as implemented in
DIFFVM is varied from 1/M2.15

Y to 1/M1.85
Y and

to 1/M2.45
Y .

• Uncertainties in the detector response.The energy
threshold for the detection of LAr clusters not as-
sociated to tracks is varied between 300 MeV and
500 MeV; the efficiencies of the PRT and FMD
are modified within experimental errors; the mea-
surement of the polar angle of the scattered elec-
tron is changed by±0.5 mrad and the uncertain-
ties in the trigger and the tracker efficiencies are
included.
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For the measurements in Section 3, the dominant
systematic error is due to the uncertainty in the shapes
of the backgrounds.

3. t ′ dependences of spin density matrix elements

3.1. Φ distributions and determination of
(r5

00 + 2r5
11) and(r1

00 + 2r1
11)

Measurements of the spin density matrix element
combinationsr5

00 + 2r5
11 and r1

00 + 2r1
11 are obtained

from fits of Eq. (2) to theΦ distributions, fully
corrected for the presence of backgrounds and for
acceptance, smearing and QED radiative effects, in
the five t ′ bins shown in Fig. 3(a). For 0.5 < t ′ <
3.0 GeV2, only the tag sample is used, in view of the

much larger background in the notag sample (compare
Fig. 1(c), (d)). Given the small backgrounds (Fig. 1(a),
(b) and in order to improve the statistical precision
of the measurement, the tag and the notag samples
are merged fort ′ < 0.5 GeV2. The measurements
are given in Table 1 and presented in Fig. 4(a)
and (b), together with previous measurements for
t ′ < 0.5 GeV2 in similar W andQ2 ranges (Q2 >

2.5 GeV2 from Ref. [1] andQ2 > 3.0 GeV2 from
Ref. [2]).

Significant helicity non-conservation is observed in
Fig. 4(a) for the combinationr5

00+2r5
11 (SCHC would

imply a zero value of the combination). Ther5
00 ma-

trix element is proportional (see relations (4)) to the
product of the dominant non-flip amplitudeT00 and
theT01 amplitude, expected to be the largest helicity
flip amplitude (see relations (5)). In contrast, ther5

11

Fig. 3. Normalised cross sections forρ electroproduction in five bins int ′ . The superimposed curves show the results of fits of (a) relation (2)
and (b) relation (3). The error bars represent the statistical errors.
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Table 1
Measurement of the spin density matrix element combinationsr500 + 2r511, r100 + 2r111 andr04

00 in five bins oft ′ . The first errors are statistical,
the second systematic

Element t ′ (GeV2) 〈t ′〉 (GeV2) Measurement

r500 + 2r511 t ′ < 0.08 0.037 0.064± 0.012± 0.040
0.08< t ′ < 0.2 0.132 0.087± 0.014± 0.017
0.2< t ′ < 0.5 0.320 0.201± 0.014± 0.037
0.5< t ′ < 1.0 0.700 0.198± 0.017± 0.032
1.0< t ′ < 3.0 1.620 0.290± 0.023± 0.049

r100 + 2r111 t ′ < 0.08 0.037 −0.006± 0.025± 0.020
0.08< t ′ < 0.2 0.132 −0.022± 0.027± 0.034
0.2< t ′ < 0.5 0.320 −0.119± 0.028± 0.052
0.5< t ′ < 1.0 0.700 −0.134± 0.034± 0.066
1.0< t ′ < 3.0 1.620 −0.176± 0.046± 0.076

r04
00 t ′ < 0.08 0.037 0.678± 0.013± 0.015

0.08< t ′ < 0.2 0.132 0.683± 0.014± 0.014
0.2< t ′ < 0.5 0.320 0.662± 0.015± 0.025
0.5< t ′ < 1.0 0.700 0.665± 0.019± 0.026
1.0< t ′ < 3.0 1.620 0.708± 0.023± 0.035

matrix element has a contribution from the product of
the non-dominant non-flip amplitudeT11 and the non-
dominant single flip amplitudeT10, and a contribution
dependent on the double flip amplitude. The strongt ′
dependence of ther5

00 + 2r5
11 combination is thus at-

tributed mainly to the predicted [6–8]
√
t ′ dependence

of the ratio of theT01 to the non-flip amplitudes. Note
that thet ′ dependence of ther5

00 + 2r5
11 combination

is not exactly∝ √
t ′, as expected for the single-flip to

the non-flip amplitude ratio, since it also involves the
effect of the single and double-flip amplitudes in the
denominatorN of relations (4).

The values forr1
00 + 2r1

11 are shown in Fig. 4(b).
They are significantly different from zero and neg-
ative, which implies violation of SCHC. This is the
first observation of a significant non-zero value of the
r1
00 + 2r1

11 spin density matrix element combination.
The r1

00 element, which gives a negative contribution
(see relations (4)), is proportional to the square of the
single flip amplitudeT01. The r1

11 element is propor-
tional to the product of the non-dominant non-flip am-
plitudeT11 and the double flip amplitude. The sign of
the combination thus gives information on the rela-
tive strength of theT01T

†
01 and T11T

†
1−1 products of

amplitudes. It confirms that theT01 amplitude is sig-
nificantly larger than the double flip amplitude in the
present kinematical domain. Thet ′ dependence of the
r1
00 + 2r1

11 combination is expected to be linear, up to

effects of the single and double-flip amplitudes in the
denominatorN of relations (4).

3.2. cosθ∗ distributions and determination ofr04
00

The r04
00 spin density matrix element is extracted

from the cosθ∗ distribution using relation (3). Fig. 3(b)
presents the fully corrected cosθ∗ distributions for five
bins int ′. The normalisations of theω, φ andρ′ back-
grounds are estimated as described above. The shape
of the background is determined from the data and
found to be flat. This is done by comparing the cosθ∗
distributions for the events withζ < 0 and ζ > 0,
which differ in the data whereas they are predicted to
be similar by theρ Monte Carlo simulation. The dif-
ference is attributed to background.

The extracted values ofr04
00 are presented in Ta-

ble 1 and in Fig. 4(c), together with previous measure-
ments at lowt ′ values in the sameQ2 andW range.
No significant variation ofr04

00 with t ′ is observed.
This is expected from relation (4) in view of the pre-
dicted t ′ independence of the ratio|T11|/|T00|, with
small corrections from the other amplitudes. This ob-
servation implies that the slopes of the exponentially
falling t distributions for the transverse and longitudi-
nal s-channel helicity conserving amplitudes,T00 and
T11, are very similar.
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Fig. 4. Measurement of (a)r500+ 2r511, (b) r100+ 2r111, (c) r04
00 as a function oft ′, for the present analysis and for Refs. [1] (labeled “H1 elastic”)

and [2] (labeled “ZEUSMY < 4 GeV”). The inner error bars represent the statistical errors, the full error bars include the systematic errors
added in quadrature. The full curves correspond to the predictions of the model [8] with parameters extracted from the fit described in Section 4.
The dashed lines in (a) and (b) correspond to SCHC.

4. QCD description of the measurements

Perturbative QCD calculations for vector meson
electroproduction assume the factorisation of the non-
perturbative from the perturbative contributions to the
amplitudes. Collinear factorisation has been demon-
strated for longitudinal photons [20], but logarithmic
singularities are manifest for the transverse photon
polarisation when the fractionz of the longitudinal
momentum carried by the quark approaches 0 or 1.
Non-perturbative effects were suggested to damp these
singularities [21], in which case perturbative calcula-

tions become problematic. However, as noted in [22],
these contributions cannot be large,24 and in the mod-
els [6–8] pQCD is expected to be valid also for the
transverse amplitudes.

In the models [6–8] all amplitudes are proportional,
in the leading log(Q2) approximation, to the gluon

24 Large non-perturbative contributions to the transverse ampli-
tudes would imply at slope similar to the non-perturbative pho-
toproduction case,bT 	 10 GeV−2, significantly larger than for
the longitudinal cross section (bL 	 6 GeV−2). This is inconsis-
tent with the very weakt dependence of ther04

00 matrix element
(Section 3.2).
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density in the proton (except for non-perturbative
contributions in the double-flip amplitude).25 More
specifically, in the model of Ivanov and Kirschner [8],
the gluon distribution in the protonxG(x, Q̃2) is
probed at the hard scalẽQ2 = z(1 − z)Q2 � Q2/4.
Following a suggestion of Martin, Ryskin and Teub-
ner [22], the scale dependence of the gluon density
in the leading logQ̃2 approximation is parameterised
asG(x, Q̃2) = G(x,Q2

0)[Q̃2/Q2
0]γ , where the gluon

anomalous dimensionγ is taken asQ2 independent.
This permits the singularities asz→ 0,1 to be avoided
and factorisation is effectively (but not necessarily ex-
actly) restored for the transverse amplitudes.

The absolute values and theQ2 andt dependences
of the four independent ratios26 of the amplitudes
TλVMλγ are predicted by the model [8] with two in-
dependent parameters: the effective gluon anomalous
dimensionγ , and the effective massm of the incom-
ing qq̄ pair. These two free parameters are obtained
from a fit to the t ′ dependence of the 15 measure-
ments of spin density matrix elements in the present
analysis.27 The fit gives an excellent description of the
data:χ2/ndf = 0.41 when the full errors are used and
χ2/ndf = 1.71 for statistical errors only. The fitted
values of the parameters areγ = 0.60± 0.09 andm=
0.58± 0.04 GeV. The errors are the quadratic combi-
nation of the statistical and systematic errors, the lat-
ter obtained by repeating the fits with the data shifted
by each systematic uncertainty in turn. The dominant
error comes from the uncertainty in the background
shape. The results of the fit are shown as solid lines
in Figs. 4(a)–(c). As can be observed, the 11 lowt ′
measurements of Ref. [1], which correspond to the
sameQ2 andW ranges as the present data, are also
very well described; their inclusion in the fit does not
change the quantitative results significantly.

According to the parton distributions in PDFLIB
[23], the extracted value ofγ corresponds to theQ2

evolution of the gluon density for̃Q2 	 5.0 GeV2

25 For large mass vector mesons and/or largeQ2, skewed parton
distributions should be used.

26 Under the assumptions of natural parity exchange and of purely
imaginary amplitudes.

27 The amplitudeT1−1, which contains a non-perturbative part
in [8] and is expected to be very small (see relations (5)), can be set
to zero or included as a free parameter in the fit without affecting
the results.

which is much higher than the average〈Q̃2〉 � 〈Q2/4〉
	 1.3 GeV2 in the data. Theγ parameter was intro-
duced in the model to restore factorisation which is
otherwise broken by endpoint effects (z→ 0,1) in the
transverse amplitudes. It does not need to be strictly
interpreted as describing the evolution of the gluon
distribution in the proton at the specified̃Q2 [24].
On the other hand, the disagreement may suggest that
the model does not apply in the fullQ2 range of the
present data. The parameterm= 0.58± 0.04 GeV is
slightly below theρ meson mass but belongs to a mass
range where the quark pair is highly likely to recom-
bine into aρ meson (cf the parton–hadron duality ar-
guments in [22]).

5. Conclusions

A measurement has been performed ofρ meson
diffractive electroproduction in the range 2.5<Q2 <

60 GeV2, 40<W < 120 GeV and 0< t ′ < 3 GeV2.
Ther04

00 spin density matrix element and the combina-
tionsr5

00 + 2r5
11 andr1

00 + 2r1
11 have been measured as

functions oft ′.
No significantt ′ dependence is observed forr04

00.
A significant violation ofs-channel helicity conserva-
tion, increasing witht ′ , is observed in ther5

00 + 2r5
11

combination. It is consistent with a
√
t ′ dependence

of the ratio of the amplitudeT01 to the non-flip am-
plitudes,T01 being the amplitude for the transition
from a transverse photon to a longitudinalρ meson.
The r1

00 + 2r1
11 combination is different from zero

and negative; this is the first observation of a signif-
icant non-zero value of this combination. The sign
gives information on the relative strength of theT01T

†
01

and T11T
†
1−1 amplitude products. Together with the

r5
00 + 2r5

11 measurement, it confirms that theT01 am-
plitude is relatively large in the present kinematical
domain, and significantly larger than the double flip
amplitude.

A fit of the pQCD model of Ivanov and Kirschner
[8] to the present 15 measurements of spin density
matrix elements gives a good description of thet ′
dependence of the data. The valueγ = 0.60± 0.09
is obtained for the effective parameter describing the
Q2 dependence of the gluon density andm= 0.58±
0.04 GeV is extracted for the average effective mass
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of the incomingqq̄ pair. Thus the data are broadly
compatible with a diffractive mechanism based on
the exchange of two gluons, with non-conservation
of s-channel helicity occurring only when the photon
longitudinal momentum is shared asymmetrically be-
tween the quark and the antiquark [6–8].
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