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Department of Physics, Jagellonian University, Cracow, Poland

L.A.T. Bauerdick13, U. Behrens, K. Borras, V. Chiochia, D. Dannheim, M. Derrick14, G. Drews, J. Fourletova,
A. Fox-Murphy, U. Fricke, A. Geiser, F. Goebel15, P. Göttlicher16, O. Gutsche, T. Haas, W. Hain, G.F. Hartner,
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T. Tsurugai
Meiji Gakuin University, Faculty of General Education, Yokohama, Japan

A. Antonov, V. Bashkirov26, P. Danilov, B.A. Dolgoshein, D. Gladkov, V. Sosnovtsev, S. Suchkov
Moscow Engineering Physics Institute, Moscow, Russiaj

R.K. Dementiev, P.F. Ermolov, Yu.A. Golubkov, I.I. Katkov, L.A. Khein, I.A. Korzhavina, V.A. Kuzmin,
B.B. Levchenko, O.Yu. Lukina, A.S. Proskuryakov, L.M. Shcheglova, N.N. Vlasov, S.A. Zotkin
Moscow State University, Institute of Nuclear Physics, Moscow, Russiak

C. Bokel, J. Engelen, S. Grijpink, E. Koffeman, P. Kooijman, E. Maddox, A. Pellegrino, S. Schagen, E. Tassi,
H. Tiecke, N. Tuning, J.J. Velthuis, L. Wiggers, E. de Wolf
NIKHEF and University of Amsterdam, Amsterdam, The Netherlandsh
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21 now at Deutsche Börse Systems AG, Frankfurt, Main, Germany



392 The ZEUS Collaboration: Measurement of proton-dissociative diffractive photoproduction of vector mesons

22 supported by the Polish State Committee for Scientific Research, grant no. 5 P03B 08720
23 supported by NIKHEF, Amsterdam, The Netherlands
24 also at University of Tokyo
25 now at LPNHE Ecole Polytechnique, Paris, France
26 now at Loma Linda University, Loma Linda, CA, USA
27 now at IBM Global Services, Frankfurt, Main, Germany
28 now at National Research Council, Ottawa, Canada
29 on leave of absence at The National Science Foundation, Arlington, VA, USA
30 present address: Tokyo Metropolitan University of Health Sciences, Tokyo 116-8551, Japan
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Abstract. Diffractive photoproduction of vector mesons, γp → V Y , where Y is a proton-dissociative
system, has been measured in e+p interactions with the ZEUS detector at HERA using an integrated
luminosity of 25 pb−1. The differential cross section, dσ/dt, is presented for 1.2 < −t < 12GeV2, where t
is the square of the four-momentum transferred to the vector meson. The data span the range in photon-
proton centre-of-mass energy, W , from 80GeV to 120GeV. The t distributions are well fit by a power
law, dσ/dt ∝ (−t)−n. The slope of the effective Pomeron trajectory, measured from the W dependence of
the ρ0 and φ cross sections in bins of t, is consistent with zero. The ratios dσγp→φY /dt to dσγp→ρ0Y /dt
and dσγp→J/ψY /dt to dσγp→ρ0Y /dt increase with increasing −t. Decay-angle analyses for ρ0, φ and J/ψ
mesons have been carried out. For the ρ0 and φ mesons, contributions from single and double helicity flip
are observed. The results are compared to expectations of theoretical models.
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1 Introduction

Studies of the elastic production of vector mesons in elec-
tron-proton interactions [1] show that, at large Q2, the
exchanged-photon virtuality, or at high vector-meson
mass, the cross section increases with energy faster than
is observed in hadron-hadron interactions [2,3]. The lat-
ter increase is well described by Regge theory [4]. Al-
though the energy dependence of vector-meson production
in ep interactions can be described by models based on
Regge phenomenology [5] and the vector dominance model
(VDM) [6], it can also be explained by models based on
perturbative QCD (pQCD) [7,8]. In this case, it is related
to the rise of the gluon density in the proton as x de-
creases, where x is the Bjorken scaling variable. In pQCD
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q supported by the Polish State Committee for Scien-
tific Research, grant no. 115/E-343/SPUB-M/DESY/P-03/DZ
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models, a perturbative (hard) scale can be provided by ei-
ther a high Q2 or a large meson mass. It is also predicted
[9] that, in diffractive dissociation of hadrons, the squared
four-momentum transfer, t, may serve as a hard scale.
The subject of this paper is vector-meson (V ) photo-

production at high −t, which is dominated by the proton-
dissociative reaction, γp → V Y , where Y is the dissoci-
ated hadronic system. The data cover the photon-proton
centre-of-mass energy range 80 < W < 120 GeV and ex-
tend from −t = 1.1GeV2 up to −t = 12GeV2 for the ρ0,
to 7GeV2 for the φ and to 6.5GeV2 for the J/ψ meson.
The vector mesons were identified via their decays to two
oppositely charged particles: ρ0 → π+π−, φ → K+K−,
and J/ψ → l+l−(e+e−, µ+µ−).

2 Theoretical approaches

2.1 The Regge model

In Regge theory, diffractive processes are assumed to pro-
ceed through the exchange of the Pomeron trajectory.
The vector dominance model, schematically indicated in
Fig. 1a, together with Regge theory, gives, in the limit
−t,M2

p � M2
Y � W 2, the following form for the double-

differential cross section for the reaction γp → V Y :

d2σγp→V Y

dM2
Y dt

= f(t)
1
W 2

(
W 2

M2
Y

)2α(t)−1

(M2
Y )

α(0)−1, (1)

where Mp is the mass of the proton and MY is the mass
of the diffractively produced hadronic state, Y .
Assuming a linear form for the Pomeron trajectory,

α(t) = α(0) + α′t, fits [10,11] to the elastic photoproduc-
tion of ρ0, φ and J/ψ mesons in the range −t < 1.5GeV2

gave α(0) = 1.096±0.021 and α′ = 0.125±0.038GeV−2 for
the ρ0, α(0) = 1.081±0.010 and α′ = 0.158±0.028GeV−2

for the φ, and α(0) = 1.200±0.009+0.004
−0.010 and α

′ = 0.115±
0.018+0.008

−0.015GeV
−2 for the J/ψ meson. These values may

be compared to α(0) = 1.08 [2], α(0) = 1.096 [3] and α′ =
0.25GeV−2 [2], obtained from fits to hadron-scattering
data at −t < 0.5GeV2. These numbers indicate that the
Pomeron trajectory is not universal. In fact, it has been
suggested [12] that, in the production of vector mesons, an
anomalous Regge trajectory exchange, with α(0) ≈ 1 and
α′ ≈ 0, gives a dominant contribution to the differential
cross section at large −t.

2.2 pQCD models

In models based on pQCD [13–18], the reaction γp → V Y
is viewed as a sequence of three successive processes, il-
lustrated in Figs. 1b and 1c: the photon fluctuates into a
qq pair; the qq pair scatters off a single parton in the pro-
ton by the exchange of a colour singlet; the scattered qq
pair becomes a vector meson and the struck parton and
the proton remnant fragment into a system of hadrons.
The probability of the photon fluctuating into a qq pair is

p

γ V

Y

p

γ V

Y

p

γ V

Y

e(k) e(k )
/

γ*(q)

V(v)

q+

q-

MV}

MY}
p(P) Y(P )

/

t

Fig. 1. a γp → V Y scattering in the VDM model. The pho-
ton fluctuates into a vector meson, which then scatters off the
proton and the proton breaks up. b,c Example of γp → V Y
scattering in pQCD models. The photon fluctuates into a qq
pair, which then scatters off a single quark b or gluon c in the
proton by the exchange of two gluons or a gluon ladder. The
scattered qq pair becomes a vector meson. The struck parton
and the proton remnant fragment into a system of hadrons.
d Schematic diagram of proton-dissociative vector-meson pro-
duction in ep interactions, ep → eV Y

parameterised by the photon wave-function. Many models
assume that the interaction of the qq pair with a parton
in the proton is mediated in the lowest order by the ex-
change of two gluons [13,15,17,18]. The exchange of the
gluon ladder has also been computed [13,14,16,18] in the
leading logarithm approximation (LLA). The transition
of a qq pair into a meson is, however, a non-perturbative
phenomenon that must be parameterised by the meson
wave-function derived from lattice calculations and sum
rules.
In the perturbative regime, the cross section for the

process γp → V Y is given by

d2σγp→V Y

dtdx
= g(x,−t)dσγg→V g

dt

+
∑
(q(x,−t) + q̄(x,−t))dσγq→V q

dt
, (2)

where x is the fraction of the proton momentum carried
by the struck parton and g(x,−t), q(x,−t) and q̄(x,−t)
are the gluon, quark and antiquark density functions, re-
spectively. The cross section dσγg→V g

dt for the production
of a vector meson through the interaction with a gluon
(Fig. 1c) is about five times larger than dσγq→V q

dt through
the interaction with a quark (Fig. 1b). At low x, there-
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fore, the process γp → V Y should be dominated by the
reaction in which a gluon from the proton is struck.
In the two-gluon approximation, the cross section of

(2) does not depend on W for any given t, i.e. α′ = 0. In
the LLA, this cross section has a power-law dependence on
W , although α′ is expected to be small, α′ � 0.1GeV−2

for −t � 1GeV2 [16], decreasing with increasing −t and
reaching zero at asymptotically large −t values.

A previous ZEUS publication [10] showed that dσ/dt
for the γp → ρ0Y and γp → φY processes were larger than
those obtained by perturbative calculations performed in
the two-gluon approximation [15]. These calculations have
been further developed by Ivanov et al. [17], who pro-
posed that a large contribution would arise from qq fluc-
tuations in a chiral-odd spin configuration. In this case,
the quark mass appearing in the γV coupling is inter-
preted as a current quark mass and therefore the quark
mass in the light-meson wave-function is neglected. In
such an approximation, dσ/dt for ρ0 and φ mesons should
have the same shape for −t � 1GeV2. In addition, the
cross sections should exhibit a power-law dependence on
t, dσ/dt ∝ (−t)−n; for x > 0.01, the exponent n ≈ 3.8 can
be estimated from the Ivanov et al. calculation [17] for a
fixed value of the strong coupling constant, αs, or n ≈ 4.8
using the leading-order form for αs(−t) [19].
In another two-gluon calculation, that of Forshaw and

Ryskin [13], the quark mass appearing in the γV coupling
is interpreted as the constituent quark mass. Such models
predict a dip in dσ/dt at −t ≈ M2

V , where MV is the
meson mass.
A LLA calculation based on the BFKL equation for

parton evolution [20] has been carried out by Bartels et
al. [16] for heavy mesons. The results are expanded in
terms of ln (xW 2/W 2

0 ), where W
2
0 = M2

V − t is assumed.
This model predicts that dσ/dt ∝ (−t)−n, where n is a
function of the ratio −t/M2

V . For the t range covered by
the J/ψ analysis of this paper, an average value of n ≈ 1.8
is predicted for a fixed value of αs. The previous ZEUS
measurement of the γp → J/ψY cross section [10] shows
that the prediction of this model, using αs = 0.2, agrees
well with the data. However, the uncertainties due to the
choice of αs and the W0 scale are large.
In a recent paper, Forshaw and Poludniowski [18] have

extended the BFKL models of Forshaw and
Ryskin [13] and Bartels et al. [16], and have given cross
sections for the ρ0, φ and J/ψ mesons. In this model,
which uses a fixed value for αs, a delta-function meson
wave-function was used and the quark mass appearing in
the γV coupling was assumed to be the constituent quark
mass for all three mesons.

2.3 Helicity structure and cross-section ratios

The hypothesis of s-channel helicity conservation
(SCHC) [21] for vector-meson production states that the
helicity of the final-state meson will be equal to that of
the initial photon. Studies of the elastic photoproduction
of light vector mesons at low −t [1] show that SCHC holds
in these soft diffractive processes.

In VDM, the cross section for vector-meson produc-
tion is proportional to the product of the coupling of the
photon to the vector meson and the meson-proton scat-
tering cross section. The γ → V coupling depends on the
meson leptonic width, ΓV→e+e− , which depends on the
meson mass, the quark assignment and the wave-function.
The SU(4) prediction, which ignores the differences in the
masses and the wave-functions of the mesons, is that the
ratio of the production cross sections for vector mesons
will be

ρ0 : ω : φ : J/ψ = 1 : 1/9 : 2/9 : 8/9. (3)

In pQCD, the helicity of the final-state meson and the
cross section ratios are sensitive to the photon polarisa-
tion and the meson wave-function. In the trivial case of
a meson wave-function given by a delta function, which
is a good approximation for heavy vector mesons, the
helicity of the final-state vector meson is equal to that
of the initial photon, and thus SCHC will hold. In this
case, the cross-section for transverse photons is given by
dσ/dt ∝ M3

V ΓV→e+e− [13,16,18]. Based on the measured
values of MV and ΓV→e+e− [22], the ratio of the pho-
toproduction cross sections for various vector mesons at
asymptotic values of −t becomes
ρ0 : ω : φ : J/ψ = 1 : 0.8× 1/9 : 2.1× 2/9 : 56× 8/9, (4)
which is significantly higher than the SU(4) prediction of
(3) for the φ and J/ψ meson.

A wave-function more appropriate for the light mesons
[15,17] leads to the production of mesons in the helicity-0
state by transverse photons and therefore to a violation
of SCHC. The ratios of the production cross sections for
mesons in the helicity-±1 states by transverse photons
are equal to those of (4). The production of mesons in the
helicity-0 state by transverse photons, which is expected to
be dominant at large−t, is given by dσ/dt ∝ MV ΓV→e+e−

rather than M3
V ΓV→e+e− mentioned earlier. In this case,

the ratios of the photoproduction cross sections at large
−t should be
ρ0 : ω : φ : J/ψ = 1 : 0.8× 1/9 : 1.2× 2/9 : 3.5× 8/9, (5)
which lie between the values of (3) and (4).

3 Experimental set-up

The measurements were performed with the ZEUS detec-
tor at the HERA ep collider. The data, corresponding to
an integrated luminosity of 25.0±0.4 pb−1, were collected
in 1996 and 1997, when HERA operated with a proton-
beam energy of 820GeV and a positron-beam energy of
27.5GeV.
A detailed description of the ZEUS detector can be

found elsewhere [23]. A brief outline of the components
that are most relevant for this analysis is given below.
Charged particles are tracked in the central tracking

detector (CTD) [24], which operates in a magnetic field of
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1.43T provided by a thin superconducting coil. The CTD
consists of 72 cylindrical drift chamber layers, organized in
9 superlayers covering the polar-angle1 region 15◦ < θ <
164◦. The transverse-momentum resolution for full-length
tracks is σ(pT )/pT = 0.0058pT ⊕0.0065⊕0.0014/pT , with
pT in GeV.
The high-resolution uranium–scintillator calorimeter

(CAL) [25] consists of three parts: the forward (FCAL),
the barrel (BCAL) and the rear (RCAL) calorimeters.
Each part is subdivided transversely into towers and longi-
tudinally into one electromagnetic section (EMC) and ei-
ther one (in RCAL) or two (in BCAL and FCAL) hadronic
sections (HAC). The smallest subdivision of the calorime-
ter is called a cell. The CAL energy resolutions, as mea-
sured under test-beam conditions, are σ(E)/E = 0.18/

√
E

for electrons and σ(E)/E = 0.35/
√
E for hadrons (E in

GeV).
A proton-remnant tagger (PRT1) [26] was used to tag

events in which the proton dissociates. It consists of two
layers of scintillation counters at Z = 5.15 m. The pseu-
dorapidity range covered by the PRT1 is 4.3 < η < 5.8.

The photoproduction tagger (PT) [10] is a small elec-
tromagnetic calorimeter located close to the beam-pipe at
Z = −44 m. It detects positrons of energy between 21 and
26GeV scattered under very small angles (less than a few
mrads). The positron measured in the PT is used to tag
photoproduction events with a photon-beam energy in the
1.5–6.5 GeV range.
The luminosity is determined from the rate of the

Bethe-Heitler bremsstrahlung process e+p → e+γp, where
the high-energy photon is detected in a lead-scintillator
calorimeter (LUMI) located at Z = −107 m in the HERA
tunnel [27].

4 Kinematics and decay distributions

Figure 1d shows a diagram of the reaction

e(k)p(P ) → e(k′)V (v)Y (P ′),

where V is a ρ0, φ, or J/ψ meson and k, k′, P , P ′ and v
are the four-momenta of the incident positron, scattered
positron, incident proton, diffractively produced state Y
and vector meson, respectively. The kinematic variables
used to describe proton-dissociative vector-meson produc-
tion are:

– Q2 = −q2 = −(k − k′)2, the negative of the squared
four-momentum of the exchanged photon;

– y = (P · q)/(P · k), the fraction of the positron en-
ergy transferred to the photon in the rest frame of the
initial-state proton;

1 The ZEUS coordinate system is a right-handed Cartesian
system, with the Z axis pointing in the proton beam direction,
referred to as the “forward direction”, and the X axis pointing
left towards the centre of HERA. The coordinate origin is at
the nominal interaction point. The pseudorapidity is defined
as η = − ln

(
tan θ

2

)
, where the polar angle, θ, is measured with

respect to the proton beam direction

Fig. 2. Illustration of the angles used to analyse the helicity
states of a vector meson (for a decay into two particles, V →
q+q−)

– W 2 = (q + P )2, the squared centre-of-mass energy of
the photon-proton system;

– t = (P −P ′)2 = (v− q)2, the squared four-momentum
exchanged at the hadronic vertex;

– x, the fraction of the proton’s momentum carried by
the scattered parton. Assuming that the exchanged ob-
ject in the photon-proton scattering couples to a single
massless parton in the proton

x =
−(P ′ − P )2

2P (P ′ − P )
= −t/(M2

Y −M2
p − t), (6)

where Mp is the mass of the proton and M2
Y = (P

′)2
is the squared mass of the diffractively produced state,
Y .

The angles used are shown in Fig. 2 and are:

– Φ, the angle, in the photon-proton centre-of-mass
frame, between the positron-scattering plane and the
V -production plane. The latter contains the momen-
tum vectors of the virtual photon and the vector me-
son;

– θh and ϕh, the polar and azimuthal angles of the pos-
itively charged decay particle in the V helicity frame.
The helicity frame is the rest frame of the meson with
the meson direction in the photon-proton centre-of-
mass frame taken as the quantisation axis. The polar
angle, θh, is defined as the angle between the direction
of the positively charged decay particle and the quan-
tisation axis. The azimuthal angle, ϕh, is the angle
between the decay plane and the V -production plane.

Only the momentum vectors of the meson decay prod-
ucts were measured. The momentum of the scattered
positron (and hence Q2), the angle Φ, and the mass MY

were not measured.
In the tagged photoproduction events, Q2 ranges from

Q2
min ≈ 10−9 GeV2 up to Q2

max ≈ 0.02GeV2, with a me-
dian Q2 of approximately 7× 10−6 GeV2 [10]. The value
of Q2 was neglected in the reconstruction of the other
kinematic variables.
The variables W and t can be expressed as [10]

W 2 ≈ 2Ep(E − pZ) and t ≈ −p2
T ,
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where Ep is the incoming proton energy and E is the
energy, pZ is the longitudinal momentum and pT is the
transverse momentum of the produced vector meson in
the laboratory frame.
Since Φ is not measured, the three-dimensional angu-

lar distribution was averaged over this angle, so that the
±1 photon-helicity states are not distinguished. The nor-
malised two-dimensional angular distribution can then be
written in terms of spin density matrix elements as

1
σ

d2σ

d cos θhdϕh
=

3
4π

{1
2
(1∓ r0400)± 1

2
(3r0400 − 1) cos2 θh

∓
√
2Re[r0410] sin 2θh cosϕh

∓ r041−1 sin
2 θh cos 2ϕh

}
, (8)

where the upper (lower) signs are for the V decay to spin-
0 (spin-1/2) particles. Integration over θh or ϕh produces
the one-dimensional distributions

dσ
d cos θh

∝ 1∓ r0400 ± (3r0400 − 1) cos2 θh (9)

and
dσ
dϕh

∝ 1∓ r041−1 cos 2ϕh. (10)

Since Q2 is very small for this study, the contribution
from photons in the helicity-0 state is negligible. In this
case, the matrix elements are related to the helicity am-
plitudes, TλV λγ , as follows [28]:

r0400 ≈ T 2
01

T 2
01 + T 2

11 + T 2
−11

,

r0410 ≈ 1
2
(T11T

�
01) + (T−11T

�
01)

T 2
01 + T 2

11 + T 2
−11

,

r041−1 ≈ 1
2
(T11T

�
−11) + (T−11T

�
11)

T 2
01 + T 2

11 + T 2
−11

, (11)

where T11 is the helicity non-flip amplitude, T01 is the he-
licity single-flip amplitude and T−11 is the helicity double-
flip amplitude. If SCHC holds, only the T11 amplitude is
non-zero and therefore r0400, r

04
10 and r

04
1−1 should all be zero.

5 Event selection

Events were selected online with a three-level trigger sys-
tem [23]. The selection of the reaction ep → eV Y at large
values of −t required:
– at the first trigger level:

– a minimum energy deposit of 1GeV in the PT;
– at least one track candidate in the CTD.
In addition, the following cuts were applied to reduce
further the backgrounds from random coincidences be-
tween some activity in the CTD and a detected positron
in the PT:

– an upper limit of 1GeV on the energy deposited
in the LUMI photon detector. This requirement
suppresses bremsstrahlung events and rejects hard
QED radiation;

– at least 0.5 GeV of energy deposit in the EMC sec-
tion of the RCAL. This cut removes random coin-
cidences between proton beam-gas interactions and
electron beam-gas bremsstrahlung events. However,
it also reduces the acceptance for ep → eV Y events
and therefore was used only when necessary;

– at the second trigger level:
– CAL timing consistent with an ep collision;
– not more than three tracks in the CTD;

– at the third trigger level:
– exactly two tracks in the CTD pointing to a com-
mon vertex within −60 < Z < 60 cm;

– the transverse momentum of at least one track can-
didate greater than 0.8GeV. This cut efficiently se-
lects events with large values of −t.

After the event reconstruction, the following require-
ments were imposed:

– an interaction vertex within −40 < Z < 40 cm and a
transverse distance within 0.7 cm of the nominal in-
teraction point (IP);

– exactly two tracks with opposite charges, each asso-
ciated with the reconstructed event vertex, and each
with pseudorapidity |η| < 2.1 and transverse momen-
tum greater than 150 MeV for the ρ0, 400 MeV for
the φ, and 500 MeV for the J/ψ candidates;

– no energy deposits in the CAL (excluding FCAL cells
with η > 2.1), not associated with tracks, greater than
250MeV. This cut rejects events with an additional
particle not associated with either the vector meson or
the proton-dissociative system.

In addition, −t > 1.1GeV2 and 80 < W < 120GeV
were required to select a kinematic region of high accep-
tance. The final number of events, after all selection cuts,
was 21414 for 0.55 < Mππ < 1.3GeV, 2407 for 0.99 <
MKK < 1.06GeV and 214 for 2.7 < Mll < 3.2GeV.

6 Monte Carlo simulation
and acceptance calculation

6.1 Monte Carlo simulation

The EPSOFT [29] Monte Carlo (MC) generator was
used for the simulation of the reaction γp → V Y . The
particular version [30] used here had an improved sim-
ulation of the final-state particle multiplicity. The DIF-
FVM [31] MC generator was used for systematic checks.
In these generators, γp interactions are simulated assum-
ing the exchange of a colourless object. The cross-section
d2σγp→V Y /(dtdM2

Y ) was parameterised using an expo-
nential t distribution and a 1/M2

Y distribution; SCHC was
also assumed. Because the MC samples thus generated
did not give a sufficiently good description of the data,
they were reweighted as described in the next section. The
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Fig. 3a–h. The distributions of the
FCAL energy for: a,b,c ρ0; d,e,f φ;
g,h J/ψ candidate samples in differ-
ent −t regions. The symbols repre-
sent the data and the histograms indi-
cate the results of the simulation us-
ing EPSOFT (solid line), DIFFVMg
(dashed lines) and DIFFVMq (dotted
lines shown only for the ρ0). The
shaded bands represent the size of
the correlated uncertainties due to the
modelling of the proton dissociation in
EPSOFT

only difference between the EPSOFT and DIFFVM gener-
ators that is relevant for this analysis is the fragmentation
scheme of system Y :

– in EPSOFT, the exchanged object is assumed to cou-
ple to the whole proton (Fig. 1a), which subsequently
fragments into a state Y . The particle multiplicities
and the transverse momenta of the hadrons in Y are
simulated using parameterisations of pp data [32],
while the longitudinal momenta are generated with a
uniform rapidity distribution;

– in DIFFVM, the exchanged object couples to a single
quark (Fig. 1b) in the proton. The fraction of the pro-
ton’s momentum carried by the struck quark is given
by (6). The struck quark and the diquark remnant are
colour connected and are fragmented into the final-
state Y by the JETSET7.3 [33] program.

As pointed out in Section 2.2, pQCD models predict that
the process γp → V Y is dominated by the reaction in-
volving a gluon (Fig. 1c) from the proton. This process
was implemented as an option in DIFFVM. In the follow-
ing sections, the DIFFVM sample where this option was
selected is called DIFFVMg, while the DIFFVM sample
in which the proton emits a quark is called DIFFVMq.
The response of the ZEUS detector to generated par-

ticles was simulated using a program based on

GEANT3.13 [34]. The generated events were processed
through the same selection and reconstruction procedures
as the data.

6.2 Modelling of the dissociative-system Y

The FCAL energy distributions are sensitive to the frag-
mentation of the system Y as well as to the shape of the
MY distribution. The latter was reweighted with a func-
tion (1/M2

Y )
β(t)−1 to have the effective dependence

dσγp→V Y

dM2
Y

∝
(
1
M2
Y

)β(t)

. (12)

The exponent β(t) was chosen so as to reproduce the
measured energy distributions in the FCAL for the ρ0

data sample: β(t) = 0.93e0.11t for EPSOFT and β(t) =
0.67e−0.1t for DIFFVMg. These parameterisations are also
valid for the φ and J/ψ mesons. The comparisons between
the data and the MC simulations are displayed in Fig. 3
for several t ranges and for the three mesons. The agree-
ment is satisfactory for DIFFVMg and EPSOFT but not
for DIFFVMq (shown only for the ρ0 in Fig. 3). This ob-
servation is consistent with the pQCD expectation that
the photoproduction of vector mesons with proton disso-
ciation at low x is dominated by the reaction in which a
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gluon from the proton couples to the vector meson. The
DIFFVMg samples were used for systematic checks since
the results do not change significantly when the mixture
of DIFFVMq and DIFFVMg expected in (2) was used.

6.3 Acceptance corrections

The overall acceptance is the product of the PT accep-
tance and that of the main detector. The geometric accep-
tance of the PT was evaluated with a program that uses
the HERA beam-transport matrices to track the positron
through the HERA beamline. The simulation was tuned
so as to reproduce the tagging efficiency of the PT for
Bethe-Heitler events, ep → eγp, triggered by a photon
measured in the LUMI photon detector. This procedure
was described previously [10]. The variations of the po-
sition and tilt of the positron beam at the IP observed
during data taking [35] were also simulated.
The efficiency for photoproduction events was deter-

mined using the geometric acceptance of the PT and
events were generated according to the equivalent-photon
approximation [36]. The photoproduction tagging effici-
ency, calculated as a function of the positron energy, Ee′ ,
is shown in Fig. 4. The range 80 < W < 120GeV was
chosen so that the systematic uncertainty of the tagging
efficiency, shown by the shaded area, does not dominate
the total systematic uncertainty. For the kinematic range
used in this analysis, the cross-section-weighted PT accep-
tance averages 80± 6%2.

The decay-angle distributions at the generator level
were iteratively reweighted according to (8) using the spin
density matrix elements found in this study (see Section
9.6) The spin density matrix elements for the ρ0 and φ
mesons were assumed to be linear functions of t; SCHC
was assumed for the J/ψ meson. The generated t distri-
butions were reweighted with a function eP (t), where P (t)
is a polynomial, to reproduce those observed in the data.
The resulting simulation agrees reasonably well with the
data, as shown in Fig. 5.
Acceptance corrections evaluated on the basis of the

reweighted EPSOFT sample, which gives the best descrip-
tion of the data, were calculated separately for each bin
of any given variable.
On average, 6% of ep → eV Y events were rejected

by the trigger due to accidental coincidence with brems-
strahlung photons in the LUMI calorimeter. This effect
was corrected for in the analysis.

7 Backgrounds

The dominant background sources, common to all chan-
nels, came from the double-dissociative, γp → XY , and
non-diffractive, γp → anything, processes. Additional

2 For these data, the PT was shifted closer to the positron
beam, yielding a higher tagging efficiency than in the previous
ZEUS measurement [10].

120 8090130 110 100
❘ ❘❘ ❘❘ ❘

❘ ❘ ❘ ❘ ❘ ❘ ❘

ZEUS

 T
ag

gi
ng

 a
cc

ep
ta

nc
e

 W (GeV)

(a)

(b)

scattered positron energy (GeV)

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

-0.5

-0.25

0

0.25

0.5

22 22.5 23 23.5 24 24.5 25 25.5 26

Fig. 4a,b. The photoproduction tagging acceptance as a func-
tion of the energy of the scattered positron calculated using
simulated events generated according to the equivalent-photon
approximation in the Q2 < 0.02GeV2 range. The shaded band
represents the relative systematic uncertainty of the tagging ac-
ceptance. The dashed lines indicate the kinematic region used
in this analysis

backgrounds contributing to individual channels are non-
resonant π+π− production for the ρ0 sample, ρ0 produc-
tion for the φ sample, and inelastic Bethe-Heitler produc-
tion of e+e− and µ+µ− pairs for the J/ψ sample. These
backgrounds were statistically subtracted using the fits to
the invariant-mass distributions described in Sect. 9.2.
The contribution of elastic vector-meson production

(γp → V p) to the data was estimated from the fraction
of events, F , with a signal in one of the PRT1 coun-
ters above a threshold corresponding to the signal of a
minimum-ionising particle. For elastic vector-meson pro-
duction, such energy deposits are absent. A comparison
of the EPSOFT prediction with the measured values of F
shows that the contribution from the elastic process de-
creases from about 0.2 at −t = 1.2GeV2 to about 0.05 at
−t = 3.0GeV2. The statistical precision with which this
background is known is 0.01 for the ρ0, 0.03 for the φ and
0.1 for the J/ψ meson. This background was statistically
subtracted bin by bin. For −t > 3GeV2, the contamina-
tion from the elastic reaction was consistent with zero and
was neglected.
The contributions from the ω and φ mesons (decaying

to π+π−π0) in the ρ0-candidate sample were estimated
using a MC simulation and the cross-section ratio given
by the SU(4) prediction of 1/9 for ω/ρ0 and the results
of this analysis for φ/ρ0 (see Sect. 9.4). This background
was less than 3%. The contribution from the ψ′ meson
(decaying to J/ψ+ neutrals) in the J/ψ candidate sample
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Fig. 5a–l. Comparison between the
data and the EPSOFT MC (his-
tograms) events for: a,b,c −t; d,e,
f cos θh; g,h,i ϕh; j,k,l W , after all se-
lection cuts (except the cut on W in
the case of W distributions). The MC
is normalised to the data. The dashed
lines in j,k,l indicate the cuts on W
applied to select the final event sam-
ple. The systematic uncertainties due
to the tagging acceptance are relevant
in the case of W distributions and are
shown as the shaded bands. The three
columns refer to the ρ0, φ, and J/ψ
samples, as indicated

was less than 3%. These backgrounds contribute to the
overall normalisation uncertainty.

8 Systematic uncertainties

The overall systematic uncertainties in the cross sections
and density matrix elements in each bin were obtained by
summing in quadrature the uncertainties listed below:

– event selection:
– the selection cuts, described in Sect. 5, were varied
within the resolutions of the cut variables;

– a different procedure to associate CTD tracks and
CAL objects was used.

The effect on the cross sections was less than ±10%,
and less than ±0.03 in the spin density matrix ele-
ments;

– signal extraction:
– the parameterisations of the signal shape were
changed from the functional forms to the MC ex-
pectations;

– the ranges of the Mππ, MKK and Mll mass dis-
tributions used in the fit procedure described in
Sect. 9.2 were varied by their resolutions.

This resulted in changes of less than ±10% in the cross
sections and less than ±0.01 in the spin density matrix
elements;

– modelling of the dissociative-system Y :
– β(t) in (12) was changed to

β(t) = (0.93± 0.07)e(0.11±0.06)t

for the ρ0,

β(t) = (0.93± 0.17)e(0.19±0.17)t

for the φ and from β(t) = 0.93e0.11t to β(t) =
0.73 ± 0.37 for the J/ψ meson. These ranges were
chosen to maintain a satisfactory agreement be-
tween the measured FCAL energy distributions
and the EPSOFT simulation;

– the fragmentation scheme of the system Y was
changed by using DIFFVMg instead of EPSOFT
for the acceptance corrections;

– M2
Y −M2

p − t was used instead of M2
Y [37] in (12);

– the 1/M2
Y dependence was reweighted to agree with

the pQCD prediction of (2)3.
3 The GRV98 [19] parton densities were used, but the results
did not change significantly when other parameterisations were
selected.
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The resulting uncertainty in the cross sections, coming
mainly from the β(t) variation, was less than ±20%.
All checks in this class change the generatedMY distri-
bution. Therefore, to avoid double counting, the max-
imum deviation from the nominal value was taken as
the total systematic uncertainty of this class of system-
atic check. Since the MC simulation assumes factorisa-
tion of the proton and meson vertices, these systematic
checks resulted in no changes to the spin density ma-
trix elements;

– reweighting of the other MC distributions in EPSOFT:
– the θh and ϕh distributions were reweighted ac-
cording to the SCHC predictions for the ρ0 and
φ mesons. For the J/ψ, the values r0400 = 0.13 or
r041−1 = ±0.2 were used, corresponding to one stan-
dard deviation from the SCHC values, as discussed
in Sect. 9.6;

– the t and W distributions were reweighted by a
power-law function of t andW , respectively, whilst
maintaining satisfactory agreement between the
data and the MC distributions.

These modifications to the analysis procedure lead to
changes in the cross section of less than 7% and less
than ±0.01 in the spin density matrix elements;

– calorimeter trigger efficiency:
– the EMC RCAL trigger efficiency was varied within
its uncertainty, as determined from subsamples of
events triggered without the requirement of an en-
ergy deposit in the EMC section of the RCAL.

This resulted in changes to the cross sections of less
than ±5% and variations in the spin density matrix
elements of up to ±0.01;

– normalisation uncertainty:
– PT acceptance; the systematic uncertainty related
to the PT acceptance was evaluated by varying
the inputs to the MC simulation. The energy scale
for photons measured in the LUMI detector was
changed by ±50MeV [27], the horizontal position
of the PT by ±0.3mm, and the average position of
the IP by ±0.1mm. These variations correspond to
the systematic uncertainties, as calculated from the
Bethe-Heitler event sample, discussed in Sect. 6.3.
The effect on the cross sections was ±6%;

– tracking-trigger efficiency; the uncertainty on the
CTD trigger efficiency was estimated from an in-
dependently triggered data sample and corresponds
to an uncertainty on the cross section of ±4%;

– PRT1 acceptance; the systematic uncertainty re-
lated to the PRT1 acceptance was estimated from
the difference between the fraction of events with a
signal in the PRT1 in the data and in the EPSOFT
simulation in the region of large −t, where the elas-
tic contribution is expected to be negligible. This
resulted in a systematic uncertainty of ±3% in the
cross sections. This value was also used in the low
−t region;

– other uncertainties; backgrounds from the ω and φ
mesons in the ρ0 sample and from the ψ′ meson
in the J/ψ sample (−3%), as discussed in Sect. 7;

QED radiation (±2%) [10]; measurement of the in-
tegrated luminosity (±1.8%) [27];

The overall normalisation uncertainty of±10% was the
sum in quadrature of the above uncertainties. This un-
certainty does not affect the spin density matrix ele-
ments.

9 Results

Although MY (and hence x) was not measured, the trig-
ger and offline selection restricted MY to be � 25GeV,
which corresponds to 0.002 � x < 1 at −t = 2GeV2 and
0.016 � x < 1 at −t = 10GeV2. To facilitate the com-
parison of the data with the pQCD predictions, the cross
sections presented in the following sections were evaluated
in the fixed x range 0.01 < x < 1, which approximately
corresponds to the x range covered by the data at the
average t of this analysis.

9.1 Cross-section determination

The differential cross-section dσγp→V Y /dξ for the photo-
production process γp → V Y was obtained from the cross
section measured for the reaction ep → eV Y in each bin
of the variable ξ(= t, ϕ, cos θh) as

dσγp→V Y

dξ
=
dσep→eV Y

dξ
1
Φγ

=
NV

∆ξ · L · Φγ ·BV ,

where Φγ is the effective photon flux [36], NV is the back-
ground-corrected and acceptance-corrected number of
vector mesons in the range ∆ξ, extracted using the fits
described in Sect. 9.2, L is the integrated luminosity and
BV is the branching ratio of the vector-meson decay chan-
nel. The cross sections for ρ0 production were integrated
over the range 2Mπ < Mππ < Mρ + 5Γρ.

9.2 Mass distributions

The ππ, KK, and ll mass spectra for two representative
t ranges, together with the results of the fits discussed
below, are shown in Fig. 6.
The acceptance-corrected ππ mass spectra for the ρ0-

candidate sample were fitted in the range 0.55 < Mππ <
1.3GeV using the Söding parameterisation [38]:

dσ
dMππ

= A2
ρ0

∣∣∣∣∣
√
MππMρ0Γρ0

M2
ππ −M2

ρ0 + iMρ0Γρ0
+B/Aρ0

∣∣∣∣∣
2

+fPS(Mππ), (14)

where B is the non-resonant amplitude (taken to be con-
stant and real), Aρ0 is the normalisation of the resonant
amplitude, Mρ0 is the ρ0 mass and Γρ0 is the momentum-
dependent ρ0 width [39]. The additional term fPS =
APS(1 + 1.5Mππ) [10] was used to account for residual
background from the non-diffractive γp → anything and
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Fig. 6. a,b The differential cross-section dσ/dMππ for the ρ0

sample. c,d TheMKK mass distributions for the φ sample. e,f
The Mll mass distributions for the J/ψ sample. The symbols
are the data for representative t ranges and the solid curves
indicate the result of the fits discussed in the text. The dashed
curves show the background contributions

the diffractive γp → XY processes. The χ2/ndf for all
the fits is satisfactory. The ratio |B/Aρ0 | decreases from
0.13 ± 0.02(stat.)GeV−1/2 at −t = 1.3GeV2 to 0.05 ±
0.03(stat.)GeV−1/2 at −t = 2.3GeV2 and is consistent
with zero above −t = 2.5GeV2. The background contribu-
tion in the range 0.6 < Mππ < 1.3GeV, given by the inte-
gral of the function fPS , increases from about 8±2(stat.)%
at −t = 1.3GeV2 to 17± 4(stat.)% at −t = 2.7GeV2 and
is consistent with 15% above −t = 3.2GeV2.
The detector efficiency does not vary over the region

of the φ and J/ψ peaks. The φ and J/ψ signals were,
therefore, extracted from the uncorrected mass spectra.
The KK mass spectra for the sample of φ candidates
were fitted in the range 0.99 < MKK < 1.15GeV with
the sum of a Breit-Wigner function convoluted with a
Gaussian resolution function for the signal, and the func-
tion (MKK − 2MK)δ for the background. The χ2/ndf for
all the fits is satisfactory. The background contribution
in the range 0.99 < MKK < 1.06GeV decreases from
25 ± 2(stat.)% at −t = 1.3GeV2 to 3 ± 2(stat.)% above
−t = 4GeV2.
The ll mass spectra for the J/ψ candidate sample in

the dilepton-invariant-mass range 2.6 < Mll < 3.4GeV
were fitted with the sum of a Gaussian (for the muon de-
cay channel), a bremsstrahlung function convoluted with
a Gaussian (for the electron decay channel), and a back-
ground term linear inMll. No muon or electron identifica-
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Fig. 7a–c. The differential cross-sections dσγp→V Y /d|t| in the
range 80 < W < 120GeV and x > 0.01 for: a ρ0, b φ and
c J/ψ. The inner bars indicate the statistical uncertainty and
the outer bars represent the statistical and systematic uncer-
tainties added in quadrature. The shaded bands represent the
correlated uncertainties due to the modelling of the hadronic-
system Y . An additional correlated uncertainty of ±10% is
not shown. The open symbols correspond to the ZEUS 1995
results [10] for M2

Y /W
2 < 0.01. The lines are the results of a

fit to the data with the function A(−t)−n

tion was performed; the relative contributions of muon and
electron pairs were taken from the MC simulation. The
electron mass4 was used in calculating Mll. The χ2/ndf
for all the fits is satisfactory. The background contribu-
tion in the range 2.7 < Mll < 3.2GeV is 25 ± 2(stat.)%,
approximately independent of the t range under study.

Since the backgrounds depend on t, W , cos θh and ϕh,
each of the results presented in the following sections was
obtained by repeating the fits to the invariant mass dis-
tributions in each kinematic bin.

9.3 Measurement of dσγp→V Y /dt

Tables 1–3 and Fig. 7 show the differential cross-sections
for the ρ0, φ and J/ψ mesons obtained from the present
data together with results obtained in the ZEUS 1995 [10]
study of the lower −t region. In that analysis, the cross
section was determined for M2

Y /W
2 < 0.01. In the kine-

matic region −t ≈ 1GeV2 and W ≈ 100GeV, this limit is
numerically equivalent to that used in the present study,

4 The results do not change significantly when the muon
mass is used.
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Table 1. The differential cross-section dσγp→ρ0Y /d|t| for x >
0.01 and 80 < W < 120GeV. The first uncertainty is the sta-
tistical, the second the systematic and the last is due to the
modelling of the proton-dissociation process. The normalisa-
tion uncertainty of 10% is not included

ZEUS 1996-97 γp → ρ0Y

−t range 〈−t〉 dσ/d|t|
(GeV2) (GeV2) (nb/GeV2)

1.20-1.50 1.33 163 ± 6 +14
−19

+7
−12

1.50-2.00 1.71 80.1 ± 2.5 +5.5
−8.5

+2.0
−8.5

2.00-2.50 2.22 36.9 ± 1.4 +3.4
−2.8

+0.4
−2.6

2.50-3.00 2.72 17.5 ± 0.9 +1.3
−1.5

+0.1
−1.7

3.00-3.50 3.23 10.7 ± 0.7 +0.8
−0.7

+0.3
−1.2

3.50-4.00 3.73 6.98 ± 0.59 +0.81
−0.41

+0.39
−0.97

4.00-5.00 4.43 3.39 ± 0.27 +0.78
−0.50

+0.23
−0.57

5.00-6.85 5.75 1.41 ± 0.15 +0.35
−0.49

+0.20
−0.25

6.85-10.0 8.04 0.46 ± 0.07 +0.17
−0.22

+0.08
−0.13

Table 2. The differential cross-section dσγp→φY /d|t| for x >
0.01 and 80 < W < 120GeV. The first uncertainty is the sta-
tistical, the second the systematic and the last is due to the
modelling of the proton-dissociation process. The normalisa-
tion uncertainty of 10% is not included

ZEUS 1996-97 γp → φY

−t range 〈−t〉 dσ/d|t|)
(GeV2) (GeV2) (nb/GeV2)

1.20-1.55 1.36 19.2 ± 1.1 +2.5
−2.1

+1.0
−1.7

1.55-1.90 1.71 12.4 ± 0.7 +1.8
−1.1

+0.3
−0.9

1.90-2.30 2.08 7.43 ± 0.53 +0.68
−0.72

+0.30
−0.41

2.30-2.70 2.48 4.63 ± 0.40 +0.49
−0.43

+0.17
−0.08

2.70-3.20 2.93 2.55 ± 0.26 +0.30
−0.29

+0.15
−0.08

3.20-3.80 3.47 1.55 ± 0.20 +0.33
−0.25

+0.13
−0.07

3.80-4.80 4.24 0.89 ± 0.18 +0.31
−0.14

+0.13
−0.07

4.80-6.50 5.53 0.36 ± 0.08 +0.09
−0.12

+0.10
−0.06

so that the results may be directly compared. The two
measurements are consistent in the region of overlap.
The cross sections are well described by a power-law

dependence, as expected for a hard production mecha-
nism [9]. A fit to the present data with the function A ·
(−t)−n gives n = 3.21 ± 0.04(stat.)±0.15(syst.) for the
ρ0, n = 2.7 ± 0.1(stat.)±0.2(syst.) for the φ, and n =
1.7± 0.2(stat.)±0.3(syst.) for the J/ψ meson.
The measured values of n for the ρ0 and φ mesons are

significantly smaller than the lower limit n ≈ 3.8 predicted
by Ivanov et al. [17]. The value of n for the J/ψ meson
agrees with the Bartels et al. [16] BFKL prediction of 1.8.
The BFKL prediction of Forshaw and Poludniowski [18]
has been fitted by the authors to the data using αs = 0.2
and W 2

0 = M2
V , giving χ

2/ndf = 0.5 for all three mesons
and is shown in Fig. 8. These measurements establish that
perturbative QCD calculations are able to describe the
large −t regime. The dip at −t ≈ M2

V predicted by the
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Fig. 8a–c. The differential cross-sections dσγp→V Y /d|t| for:
a ρ0, b φ, and c J/ψ photoproduction in the range 80 < W <
120GeV and x > 0.01. The solid curves show a pQCD calcu-
lation [18]. The inner bars indicate the statistical uncertainty
and the outer bars represent the statistical and systematic un-
certainties added in quadrature. The shaded bands represent
the size of the correlated uncertainties due to the modelling of
the hadronic-system Y. An additional correlated uncertainty of
±10% is not shown

Table 3. The differential cross-section dσγp→J/ψY /d|t| for
x > 0.01 and 80 < W < 120GeV. The first uncertainty is
the statistical, the second the systematic and the last is due to
the modelling of the proton-dissociation process. The normal-
isation uncertainty of 10% is not included

ZEUS 1996-97 γp → J/ψY

−t range 〈−t〉 dσ/d|t|
(GeV2) (GeV2) (nb/GeV2)

1.20-1.50 1.34 16.0 ± 2.4 +1.6
−3.4

+1.6
−4.8

1.50-2.00 1.74 9.5 ± 1.5 +1.4
−1.4

+0.3
−1.2

2.00-2.50 2.24 8.3 ± 1.5 +1.6
−1.6

+0.3
−2.4

2.50-3.25 2.84 4.98 ± 0.95 +0.89
−0.90

+0.38
−0.63

3.25-4.50 3.81 2.5 ± 0.6 +0.8
−1.0

+0.4
−0.4

4.50-6.50 5.37 1.33 ± 0.45 +0.80
−0.41

+0.16
−0.39

two-gluon exchange model of Forshaw and Ryskin [13] is
not seen [18] in the data for light mesons, indicating that
this model is not applicable in the −t ≈ M2

V region.
Note that n depends slightly on the x range used in

the cross-section definition both in the experiment and in
the theory. Hence the values quoted in this paper apply
only to the cross section integrated over x > 0.01.
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Table 4. The ratio of the differential cross-sections dσ/dt for
φ to ρ0 proton-dissociative photoproduction for x > 0.01 and
80 < W < 120GeV. The first uncertainty is the statistical, the
second the systematic and the last is due to the modelling of
the proton-dissociation process

ZEUS 1996-97

−t range 〈−t〉 dσ
dt (γp → φY )/dσ

dt (γp → ρ0Y )
(GeV2) (GeV2)

1.20-1.55 1.35 0.124 ± 0.008 +0.020
−0.012

+0.014
−0.013

1.55-1.90 1.71 0.156 ± 0.011 +0.023
−0.010

+0.014
−0.013

1.90-2.30 2.08 0.176 ± 0.015 +0.021
−0.017

+0.011
−0.010

2.30-2.70 2.48 0.167 ± 0.016 +0.013
−0.013

+0.006
−0.006

2.70-3.20 2.93 0.185 ± 0.021 +0.014
−0.034

+0.013
−0.013

3.20-3.80 3.47 0.189 ± 0.027 +0.020
−0.038

+0.021
−0.020

3.80-4.80 4.23 0.223 ± 0.047 +0.057
−0.042

+0.034
−0.033

4.80-6.50 5.49 0.225 ± 0.052 +0.055
−0.060

+0.055
−0.052

Table 5. The ratio of the differential cross-sections dσ/dt for
J/ψ to ρ0 proton-dissociative photoproduction for x > 0.01
and 80 < W < 120GeV. The first uncertainty is the statistical,
the second the systematic and the last is due to the modelling
of the proton-dissociation process

ZEUS 1996-97

−t range 〈−t〉 dσ
dt (γp → J/ψY )/dσ

dt (γp → ρ0Y )
(GeV2) (GeV2)

1.20-1.50 1.33 0.099 ± 0.015 +0.021
−0.019

+0.010
−0.007

1.50-2.00 1.71 0.119 ± 0.019 +0.027
−0.017

+0.007
−0.007

2.00-2.50 2.22 0.226 ± 0.042 +0.056
−0.037

+0.005
−0.008

2.50-3.25 2.82 0.325 ± 0.063 +0.020
−0.059

+0.013
−0.018

3.25-4.50 3.75 0.409 ± 0.097 +0.078
−0.121

+0.038
−0.046

4.50-6.50 5.28 0.72 ± 0.25 +0.20
−0.22

+0.11
−0.15

9.4 Ratios of cross sections

The cross-section ratios

rφ ≡ dσγp→φY

dt
/dσγp→ρ0Y

dt

and

rJ/ψ ≡ dσγp→J/ψY

dt
/dσγp→ρ0Y

dt

are shown in Tables 4 and 5 and in Fig. 9, together with
the values given in (3), (4) and (5). A clear increase of rφ
and rJ/ψ with increasing −t is observed.
The dependence of rφ and rJ/ψ on t suggests that the

production mechanism may become flavour independent
at larger −t values than covered in this analysis. In the
framework of pQCD, this observation supports the hy-
pothesis that the quark mass appearing in the γV cou-
pling should be the constituent quark mass, since, in this
case, the asymptotic value of rφ should be reached at
−t � M2

ρ0 ,M
2
φ. If the quark mass is interpreted as the
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Fig. 9. a The ratio of the cross-sections dσγp→V Y /dt for
φ to ρ0 photoproduction. b The ratio of the cross-sections
dσγp→V Y /dt for J/ψ to ρ0 photoproduction. The inset shows
this ratio on a linear scale. The inner bars indicate the statisti-
cal uncertainty, the outer bars represent the statistical and sys-
tematic uncertainties added in quadrature. The shaded bands
represent the size of the correlated uncertainties due to the
modelling of the dissociative system, Y . The dashed lines cor-
respond to the SU(4) predictions, while the dotted and dashed-
dotted correspond to the pQCD values given by (4) and (5),
respectively. The open circles are the ZEUS 1995 results [10]

current quark mass, rφ is expected to approach its asymp-
totic value at much smaller −t values.

The cross-section ratios given in (5), expected for the
production of mesons in the helicity-0 state by transverse
photons at large t [15,17], are the same as those expected
from pQCD for the elastic production of mesons in the
helicity-0 state by longitudinal photons at large Q2 [8,40].
The cross-section ratios for production of mesons in the
helicity-±1 states are expected to be larger than those
for production of mesons in the helicity-0 state. Figure 10
compares the t and Q2 dependences of the ratios for the
proton-dissociative and for the elastic process, respec-
tively; rφ lies systematically above σγ∗p→φp/σγ∗p→ρ0p [41,
42] but is compatible within the experimental uncertain-
ties, while rJ/ψ for −t > 3GeV2 is about a factor of five
larger than σγ∗p→J/ψp/σγ∗p→ρ0p for Q2 > 3GeV2 as mea-
sured by ZEUS [43] and H1 [44,45]5. The helicity analysis,

5 The J/ψ data from H1 have been scaled from W = 90GeV
to W = 75GeV and the ρ0 data calculated at the same Q2

values using a fit of the form (Q2 +M2
ρ0)

−n [46].
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Fig. 10. a The ratio of the φ to ρ0 cross sections as a function
of −t or Q2. The φ/ρ0 results as a function of −t for proton-
dissociative photoproduction from this analysis are shown with
solid circles and those from the ZEUS 1995 [10] measurement
with the solid squares. The shaded bands represent the size
of the correlated uncertainties due to the modelling of the
dissociative system, Y . Open triangles at Q2 ≈ 0GeV2 [47],
Q2 = 7GeV2 [48] and Q2 = 12.3GeV2 [49] represent the φ/ρ0

ratio of the elastic cross sections as a function of Q2 from
ZEUS, while the open squares represent those from H1 [50].
b The ratio of the J/ψ to ρ0 cross sections as a function of −t or
Q2. The same convention for symbols as for φ/ρ0 ratio is used.
Open triangles at Q2 ≈ 0GeV2 [51] and Q2 = 3.5, 13GeV2 [52]
represent the ZEUS measurements, while the open squares rep-
resent those of H1 [53,54]. The dashed lines correspond to the
SU(4) predictions, while the dotted and dashed-dotted corre-
spond to the pQCD values given by (4) and (5), respectively

described in Sect. 9.6, shows that the production of mesons
in the helicity-±1 states dominates in the large −t region.

9.5 The slope of the effective Pomeron trajectory

The cross section given by (1), integrated over MY , can
be expressed as

dσγp→V Y

dt
= F (t)W 4α(t)−4,

where F (t) is a function of t only. Assuming a linear form
for the Pomeron trajectory implies

dσγp→V Y

dt
= F (t)W 4α(0)+4α′t−4 = F (t)G(W )W 4α′t,

(15)
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Fig. 11. The ratios of ρ0 production cross sections,
dσ
dt /

dσ
dt |t=t0 , for −t0 = 1.3 GeV2, as a function of W in five

t intervals. The lines represent the result of the fit with (15).
The inner bars indicate the statistical uncertainty and the
outer bars represent the statistical and systematic uncertain-
ties added in quadrature

where G(W ) is a function of W only.
The absolute W dependence, and hence α(t), cannot

be measured using the present data because of the large
anti-correlated systematic uncertainties of the PT accep-
tance as a function of W . However, these uncertainties
do not affect the measurement of the relative changes of
the W dependence as a function of t, which are sensi-
tive to α′. The slope of the effective Pomeron trajectory
for the ρ0 meson was obtained by fitting the form given
by (15) to the measured cross sections using three W
times six t bins. A two-dimensional fit gave α′ = −0.02±
0.05(stat.)+0.04

−0.08(syst.)GeV
−2 with χ2/ndf = 4.6/9. A sim-

ilar fit for the φ meson, performed in three W times five t
bins, gave α′ = −0.06±0.12(stat.)+0.05

−0.09(syst.)GeV
−2 with

χ2/ndf = 3.4/7. There were insufficient data to perform
a similar analysis on the J/ψ sample.

The consistency of the α′ values with zero implies that
the W dependence does not vary with t, and vice versa.
This conclusion is manifest when looking at theW depen-
dence of the ratio of differential cross sections

dσ(W )
dt

dσ(W )
dt |t=t0

∝ W 4α′(t−t0),

shown in Figs. 11 and 12. Values of −t0 = 1.3GeV2 were
chosen for the ρ0 and −t0 = 1.5GeV2 for the φ case.
Figure 13 compares the values of α′ measured in this

analysis with those obtained at lower −t. For both ρ0
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Table 6. The spin density matrix elements for γp → ρ0Y for 80 < W < 120GeV.
The first uncertainty is the statistical and the second the systematic

ZEUS 1996-97 γp → ρ0Y

−t range 〈−t〉 r0400 Re
[
r0410

]
r041−1

(GeV2) (GeV2)

1.1–1.7 1.34 0.022±0.015+0.016
−0.018 0.054±0.012+0.017

−0.010 -0.143±0.014+0.023
−0.031

1.7–2.9 2.14 0.042±0.017+0.018
−0.021 0.045±0.013+0.016

−0.010 -0.158±0.017+0.020
−0.022

2.9–4.0 3.35 0.037±0.034+0.032
−0.036 -0.129±0.032+0.023

−0.050

4.0–12 5.67 0.090±0.049+0.035
−0.040 -0.252±0.047+0.044

−0.023

2.9–12 4.38 0.047±0.020+0.009
−0.017
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Fig. 12. The ratios of φ production cross-sections dσ
dt /

dσ
dt |t=t0 ,

for −t0 = 1.5 GeV2, as a function of W in four t intervals. The
lines represent the result of the fit with (15). The inner bars in-
dicate the statistical uncertainty and the outer bars represent
the statistical and systematic uncertainties added in quadra-
ture

and φ mesons, the values of α′ for −t > 1.3GeV2 are
smaller than the value α′ = 0.25GeV−2 characteristic of
soft hadronic processes at −t < 0.5GeV2 and also be-
low the values α′ = 0.125 ± 0.038GeV−2, α′ = 0.158 ±
0.028GeV−2 and α′ = 0.113 ± 0.018GeV−2 obtained for
−t < 1.5GeV2, from fits [10,11] to the elastic photo-
production of ρ0 [55,56,10,57,58], φ [10,59–65] and J/ψ
mesons, respectively This observation indicates that α′
decreases with increasing −t. The small values of α′ ob-
tained in this analysis are consistent with the flatness of
the Pomeron trajectory observed by UA8 [66] at large
−t and with the expectation of the anomalous Regge ex-

ZEUS

−t (GeV 2)

α 
(G

eV
−2

)
/

α  = 0.25 GeV−2/

γ p → ρ0 p    ZEUS (0 < −t < 0.5 GeV 2)

γ p → ρ0 p    ZEUS+H1+OMEGA (0 < −t < 0.95 GeV 2)

γ p → φ   p    ZEUS+low energy exp. (0 < −t < 1.4 GeV 2)

γ p → J/ψ p  ZEUS (0 < −t < 1.34 GeV 2)

γ p → ρ0 Y   ZEUS (1.3 < −t < 6.2 GeV 2)

γ p → φ  Y    ZEUS (1.3 < −t < 5.5 GeV 2)
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Fig. 13. Comparison of results on α′ for vector-meson pro-
duction. The result for the proton-dissociative photoproduc-
tion from this analysis are shown with solid symbols and those
for elastic photoproduction with the open symbols. The value
of α′ = 0.25GeV−2 is characteristic of soft hadronic processes.
The horizontal bars correspond to the −t range in which α′

is measured. The vertical inner bars indicate the statistical
uncertainty and the outer bars represent the statistical and
systematic uncertainties added in quadrature

change model by Kochelev et al. [12]. They are also con-
sistent with the expectation of α′ = 0 characteristic of the
two-gluon-exchange models [13,15,17,18] and the expec-
tation of α′ � 0.1GeV−2 of the BFKL model of Bartels
et al. [16].

9.6 Decay angular distributions

The r0400 and r
04
1−1 spin density matrix elements for the ρ

0,
φ, and J/ψ were obtained by fitting (9) and (10) to the
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Fig. 14a–f. The normalised background-subtracted and
acceptance-corrected cos θh and ϕh distributions for proton-
dissociative photoproduction of: a,b ρ0, c,d φ and e,f J/ψ.
The symbols represent the data and the solid curves the result
of the fits with (9) and (10). The dashed curves are the SCHC
predictions

background-subtracted and acceptance-corrected data in
several t ranges. The t ranges and the results of the fits
are given in Tables 6, 7 and 8. As an example, Fig. 14
shows the cos θh and ϕh distributions with the results of
the fits in the highest −t bin used in the helicity analy-
sis for each of the three mesons. The flat ϕh distribution
shown by the dashed line disagrees (χ2/ndf = 42/7) with
the ρ0 data, indicating a violation of SCHC. The parame-
ter Re[r0410] for the ρ

0 and φ mesons was determined using
a two-dimensional fit of (8) in three and two t intervals,
respectively. The results of the fits are summarised in Ta-
bles 6 and 7. The above results were also confirmed by
a decay-angle analysis [67] performed in the transversity
frame6. There were insufficient data to perform a two-
dimensional fit for the J/ψ meson.
The fitted values of r0400, Re[r

04
10], and r

04
1−1 for the ρ

0

meson are displayed in Fig. 15. The results are consistent
with the ZEUS 1995 [10] measurements in the overlap re-
gion. The small values of r0400 indicate that the probability
to produce ρ0 mesons in the helicity-0 state from a photon
in the helicity-±1 states is 4± 3(stat.)±4(syst.)% at −t =

6 The spin-quantisation axis in the transversity frame is cho-
sen along the normal to the meson production frame.
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Fig. 15a–c. The fitted values of a r0400, b Re[r0410] and c r041−1
for proton-dissociative ρ0 photoproduction as a function of
−t. The inner bars indicate the statistical uncertainty and the
outer bars represent the statistical and systematic uncertain-
ties added in quadrature. The open circles correspond to the
ZEUS 1995 results [10]. The SCHC prediction is shown as the
dashed line

3.35GeV2 and 9± 5(stat.) ±4(syst.)% at −t = 5.67GeV2.
However, the non-zero value of Re[r0410] indicates a helic-
ity single-flip contribution at the level of a few percent.
The finite negative values of r041−1 show clear evidence for
a helicity-double-flip contribution.
The measurements for the φ meson, shown in Fig. 16,

display similar features to those for the ρ0 meson, although
with a smaller statistical significance. The values of r0400
and r041−1 for the J/ψ meson, shown in Fig. 17, are consis-
tent with the SCHC hypothesis.
Although the BFKL calculation of Forshaw and Polud-

niowski [18] successfully describes the cross sections for all
three mesons, it is not in accord with the observation of
SCHC violation. This calculation forces SCHC by using a
delta-function for the meson wave-function.
If a more appropriate meson wave-function for the light

mesons is used, the helicity of the final-state meson will
depend on the modelling of the photon fluctuation into
a qq pair. Within perturbation theory, a photon can only
split into a qq pair in a chiral-even spin configuration. If,
in addition, the quark appearing in the γV coupling is in-
terpreted as a current quark, as assumed by Ginzburg and
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Table 7. The spin density matrix elements for γp → φY for 80 < W < 120GeV.
The first uncertainty is the statistical and the second the systematic

ZEUS 1996-97 γp → φY

−t range 〈−t〉 r0400 Re
[
r0410

]
r041−1

(GeV2) (GeV2)

1.2–1.7 1.42 0.080±0.028+0.020
−0.026 0.053±0.021+0.019

−0.024 0.008±0.033+0.011
−0.039

1.7–3.0 2.20 0.066±0.025+0.034
−0.021 -0.085±0.032+0.023

−0.028

3.0–7.0 4.03 -0.020±0.035+0.034
−0.018 -0.108±0.058+0.053

−0.030

1.7–7.0 2.72 0.057±0.018+0.013
−0.007
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Fig. 16a–c. The fitted values of a r0400, b Re[r0410] and c r041−1
for proton-dissociative φ meson photoproduction as a function
of −t. The inner bars indicate the statistical uncertainty and
the outer bars represent the statistical and systematic uncer-
tainties added in quadrature. The SCHC prediction is shown
as the dashed line

Ivanov [15], real photons will produce light mesons only
in the helicity-0 state because of the chiral nature of the
perturbative coupling in the massless limit. Not only does
this model not agree with the cross section [10], but it is
also ruled out by the helicity data. Ivanov et al. [17] have
proposed that a large contribution of light mesons pro-
duced in the helicity-±1 states could arise from qq fluctu-
ations in a chiral-odd spin configuration. This model fails
to describe the cross section and does not quantitatively
describe the helicity structure.
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Fig. 17a,b. The fitted values of a r0400 and b r041−1 for proton-
dissociative J/ψ meson photoproduction as a function of −t.
The inner bars indicate the statistical uncertainty and the
outer bars represent the statistical and systematic uncertain-
ties added in quadrature. The SCHC prediction is shown as
the dashed line

Table 8. The spin density matrix elements for γp → J/ψY
for 80 < W < 120GeV. The first uncertainty is the statistical
and the second the systematic

ZEUS 1996-97 γp → J/ψY

−t range 〈−t〉 r0400 r041−1

(GeV2) (GeV2)

1.1–1.8 1.42 -0.28±0.26+0.28
−0.08 0.10±0.15+0.16

−0.03

1.8–6.5 3.01 0.22±0.30+0.38
−0.11 -0.11±0.16+0.06

−0.04

10 Summary

Diffractive photoproduction of ρ0, φ and J/ψ mesons with
proton dissociation has been measured in the ZEUS de-
tector at HERA using data at W ≈ 100GeV for −t values
up to 12GeV2. Expressing the differential cross-section as
a power law, dσγp→V Y /dt ∝ (−t)−n, yields a value for
n that decreases with increasing mass of the meson. The
resulting exponents are: 3.21±0.04(stat.) ±0.15(syst.) for
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ρ0 production; 2.7 ± 0.1(stat.)±0.2(syst.) for φ produc-
tion; and 1.7 ± 0.2(stat.)±0.3(syst.) for J/ψ production.
The BFKL calculation of Bartels et al. [16] agrees with
the J/ψ data. An extension of this model by Forshaw and
Poludniowski [18] is able to describe the data for all three
mesons.
The cross-section ratios for the φ and J/ψ with respect

to the ρ as a function of t increase with −t. In the context
of pQCD, this observation suggests that the production
mechanism may become flavour independent at larger −t
values than those covered in this analysis.
The decay-angle analysis for the ρ0 and φ mesons in-

dicates that the SCHC hypothesis does not hold, since
both single and double helicity-flip contributions are ob-
served. No available pQCD calculation is able to describe
this result quantitatively.
The slope of the effective Pomeron trajectory, α′, was

determined by studying the relative changes of the W de-
pendence of the cross-section as a function of t for the ρ0

and φ mesons. The slopes are

α′ = −0.02± 0.05(stat.)+0.04
−0.08(syst.)GeV

−2

for the ρ0 meson and

α′ = −0.06± 0.12(stat.)+0.05
−0.09(syst.)GeV

−2

for the φ meson. These values are lower than the value
characteristic of low −t hadronic scattering (α′ = 0.25
GeV−2) and lower than those obtained in elastic vector-
meson photoproduction at HERA at lower −t [10,11].
They are in agreement with pQCD expectations [16,17]
and are consistent with the flatness of the Pomeron tra-
jectory at large −t observed by UA8 [66]. These results
imply that large values of −t can provide a suitable hard
scale for perturbative QCD calculations.
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