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Abstract

The tensor-pomeron model is applied to low-x deep-inelastic lepton-nucleon scat-
tering and photoproduction. We consider c. m. energies in the range 6 - 318 GeV
and Q2 < 50 GeV2. In addition to the soft tensor pomeron, which has proven quite
successful for the description of soft hadronic high-energy reactions, we include a
hard tensor pomeron. We also include f2-reggeon exchange which turns out to be
particularly relevant for real-photon-proton scattering at c. m. energies in the range
up to 30 GeV. The combination of these exchanges permits a description of the
absorption cross sections of real and virtual photons on the proton in the same
framework. In particular, a detailed comparison of this two-tensor-pomeron model
with the latest HERA data for x < 0.01 is made. Our model gives a very good de-
scription of the transition from the small-Q2 regime where the real or virtual photon
behaves hadron-like to the large-Q2 regime where hard scattering dominates. Our
fit allows us, for instance, a determination of the intercepts of the hard pomeron as
1.3008 (+73

−84), of the soft pomeron as 1.0935 (+76
−64), and of the f2 reggeon. We find

that in photoproduction the hard pomeron does not contribute within the errors
of the fit. We show that assuming a vector instead of a tensor character for the
pomeron leads to the conclusion that it must decouple in real photoproduction.



1 Introduction

In this article we will be concerned with the structure functions of deep-inelastic electron-
and positron-proton scattering (DIS). They are given by the absorptive part of the
forward virtual Compton amplitude, that is, the amplitude for the elastic scattering of
a virtual photon on a proton. The high-energy, or small Bjorken-x, behaviour of these
structure functions has first been observed experimentally in [1, 2] and has since then
been subject of extensive experimental and theoretical research; see for example [3] for
a review.

It is not our aim here to address the various theoretical approaches to the small-x
structure of the proton. We shall concentrate on a particular aspect of the approach
based on Regge theory. In Regge theory, elastic hadron-hadron scattering is dominated,
at high energies and small angles, by pomeron exchange. The same applies to total cross
sections which, by the optical theorem, are related to the forward scattering amplitudes.
For reviews of pomeron physics see [4, 5, 6, 7]. In the application of Regge theory the
pomeron has often been assumed to be describable as a vector exchange. For example,
the two-pomeron approach to low-x DIS introduced in [8, 9, 10] makes use of two vector
pomerons, a hard one and a soft one. However, the assumption of a vector character for
the pomeron has problems, as we shall also demonstrate again in the present paper. In
[11] it has been argued that in general the pomeron should be a tensor pomeron, that
is, an exchange object which can be treated effectively as a rank-2 symmetric tensor. In
the present study we use a two-pomeron model with two tensor pomerons, a hard one
and a soft one, instead of two vector pomerons.1 With this model we perform a fit to the
available data for photoproduction in the centre-of-mass energy range 6 <

√
s < 209 GeV

and to the latest HERA data for low-x deep-inelastic lepton-nucleon scattering for centre-
of-mass energies in the range 225 - 318 GeV and for x < 0.01. As we will see, the exchange
of a tensor pomeron involves for the virtual photon γ∗-pomeron coupling two functions
which are in essence related to the γ∗-proton cross sections σT and σL, respectively. It
is a special aim of our investigations to fit with our model simultaneously σT and σL.
Given the large kinematic range and the quality of the experimental data a successful
fit using tensor pomerons will therefore be a nontrivial result.

In [11] the tensor pomeron was introduced for soft reactions and many of its properties
were derived from comparisons with experiment. Further applications of the tensor-
pomeron concept were given for photoproduction of pion pairs in [13] and for a number
of exclusive central-production reactions in [14, 15, 16, 17, 18, 19, 20]. In [21] the helicity
structure of small-|t| proton-proton elastic scattering was calculated in three models for
the pomeron: tensor, vector, and scalar. Comparison with experiment [22] left only
the tensor pomeron as a viable option. In the present paper we go beyond the regime
of soft scattering, to DIS. In accord with [8] we shall now consider two pomerons, but
of the tensor type: a soft one, P1, which is identical to the tensor pomeron of [11],
and a hard one, P0. From fits to the structure functions of DIS, going down in Q2

to photoproduction (Q2 = 0), we shall be able to extract the properties of P0 and P1

1Obviously, one could add further pomeron exchanges with various intercepts, or choose one pomeron
with a scale-dependent intercept; see for example [12]. In the present study we will consider only the
two-pomeron model.
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Figure 1: Deep inelastic lepton-proton scattering

and their couplings to virtual photons. Since we shall consider data going down in c. m.
energy to around 6 GeV we shall also include f2 reggeon (f2R) exchange in the theoretical
description. Following [11], f2R exchange will also be treated as the effective exchange
of a symmetric tensor of rank 2.

A particular aspect relevant to our study concerns real Compton scattering. In this
regard we discuss further clear evidence against the hypothesis that the pomeron has
vector character. We show that a vector pomeron necessarily decouples in real Compton
scattering. A tensor pomeron, in contrast, gives a non-vanishing contribution and can
successfully describe the data.

Our paper is organised as follows. In section 2 we review the kinematics of DIS
and some general relations for the DIS structure functions. In section 3 our ansatz for
the exchange of the tensor pomerons and the f2R reggeon is introduced. The resulting
expressions for the real and virtual photon-proton cross sections are derived. The vector
pomeron and its decoupling in real Compton scattering are discussed in section 4. Section
5 presents the comparison of our tensor-pomeron model with experimental data. We
discuss our findings in Section 6. Section 7 gives our conclusions. Appendix A lists the
effective propagators and vertices for the two pomerons and for the f2R reggeon. In
appendix B we discuss the formulae for the case of a vector pomeron. In appendix C we
present the parametrisations for the coupling functions occurring in our approach. In
appendices D, E, and F we give details of our fit procedure and of the fit results.

2 Kinematics and general relations for structure functions
in DIS

We want to consider electron- and positron-proton inelastic scattering (fig. 1)

e(k) + p(p) −→ e(k′) +X(p′) . (2.1)

The kinematic variables for the reaction (2.1) are standard; see for instance [23]:
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Figure 2: Forward virtual Compton scattering on a proton

s = (p+ k)2 ,

q = k − k′ ,
Q2 = −q2 ,
W 2 = p′2 = (p+ q)2 ,

ν =
p · q
mp

=
W 2 +Q2 −m2

p

2mp
,

x =
Q2

2mpν
=

Q2

W 2 +Q2 −m2
p

,

y =
p · q
p · k =

W 2 +Q2 −m2
p

s−m2
p

.

(2.2)

Furthermore, we define the ratio ε of longitudinal and transverse polarisation strengths
of the virtual photon

ε =
2(1− y)− y2δ(W 2, Q2)

1 + (1− y)2 + y2δ(W 2, Q2)
(2.3)

where

δ(W 2, Q2) =
2m2

pQ
2

(W 2 +Q2 −m2
p)

2
. (2.4)

For given W 2 > m2
p and Q2 ≥ 0 the kinematic limits for y and ε are

0 ≤ y ≤ 2

1 +
√

1 + 2δ(W 2, Q2)
(2.5)

corresponding to
1 ≥ ε ≥ 0 . (2.6)

Clearly, for W 2 > m2
p the value y = 0 (ε = 1) can only be reached for s→∞; see (2.2).

The reaction effectively studied in DIS is the absorption of the virtual photon on the
proton; see fig. 1. The total γ∗p absorption cross sections are related to the absorptive
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parts of the virtual forward Compton scattering amplitude. In the following, we shall
therefore study the forward virtual Compton scattering on a proton, see fig. 2,

γ∗ν(q) + p(p, λ) −→ γ∗µ(q) + p(p, λ′) . (2.7)

The momenta are indicated in brackets and λ, λ′ ∈ {1/2,−1/2} are the helicity indices
of the protons. We define the amplitude for reaction (2.7) as

Mµν
λ′λ(p, q) =

i

2πmp

∫
d4x e−iqx〈p(p, λ′)|T∗(Jµ(0)Jν(x))|p(p, λ)〉 . (2.8)

Here mp is the proton mass, T∗ denotes the covariantised time-ordered product, and
Jµ(x) is the hadronic part of the electromagnetic current. The absorptive part of Mµν

λ′λ
(2.8), averaged over the proton helicities, gives the hadronic tensor and the structure
functions of DIS,

Wµν(p, q) =
∑
λ′,λ

1

2
δλ′λ

1

2i

[
Mµν

λ′λ(p, q)−
(
Mνµ

λλ′(p, q)
)∗]

=W1(ν,Q
2)

(
−gµν +

qµqν

q2

)
+

1

m2
p

W2(ν,Q
2)

(
pµ − p · q

q2
qµ
)(

pν − p · q
q2

qν
)
.

(2.9)

We shall also use the total γ∗p absorption cross sections σT and σL for transversely
and longitudinally polarised virtual photons. With e > 0 the proton charge and Hand’s
convention for the flux factor [24] these read

σT (W 2, Q2) =
2πmp

W 2 −m2
p

e2W1(ν,Q
2) ,

σL(W 2, Q2) =
2πmp

W 2 −m2
p

e2
[
W2(ν,Q

2)
ν2 +Q2

Q2
−W1(ν,Q

2)

]
.

(2.10)

3 Structure functions in the tensor-pomeron approach

We shall now assume that for large W 2, respectively small x, the virtual Compton
amplitude (2.8) is dominated by the exchange of the two pomerons, P0 and P1, plus the
f2R reggeon; see fig. 3. In order to calculate the diagram shown there we need the effective
propagators for P0 and P1 as well as the vertex functions Pjpp and Pjγ

∗γ∗ (j = 0, 1),
and the analogous quantities for f2R. Our ansätze for these quantities are listed in
appendix A. It is now straightforward to calculate the analytic expression corresponding
to the diagram of fig. 3. Since all three exchanges are tensor exchanges, the resulting
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Figure 3: Low-x forward virtual Compton scattering with exchange of the soft (P1) and
hard (P0) pomeron plus the f2R reggeon.

expressions have a similar structure. We find

i 2πmpe
2Mµν

λ′λ(p, q) =
∑
j=0,1

gµµ
′
gνν

′
iΓ

(Pjγ
∗γ∗)

µ′ν′κρ (q, q) i∆(Pj)κρ,κ
′ρ′(W 2, 0)

× ū(p, λ′) iΓ
(Pjpp)
κ′ρ′ (p, p)u(p, λ)

+ gµµ
′
gνν

′
iΓ

(f2Rγ
∗γ∗)

µ′ν′κρ (q, q) i∆(f2R)κρ,κ
′ρ′(W 2, 0)

× ū(p, λ′) iΓ
(f2Rpp)
κ′ρ′ (p, p)u(p, λ) .

(3.1)

With the expressions from appendix A we obtain

Mµν
λ′λ(p, q) =

1

2πmp
δλ′λ

∑
j=0,1,2

[
2âj(Q

2) Γ(0)µνκρ(q,−q)− b̂j(Q2) Γ(2)µνκρ(q,−q)
]

× (−i 3βjpp)(−iW 2α̃′j)
εj

1

2W 2
(4pκpρ − gκρm2

p) .

(3.2)

The meaning of the quantities occurring here and in the following is summarised in table
1. The detailed behaviour of the γ∗γ∗ coupling functions is not predicted by the model.
They are assumed to be smooth functions of Q2 and will be parametrised with the help
of spline functions. Note that quantities with indices j = 0, 1, and 2 always refer to the
hard pomeron, the soft pomeron, and the f2R reggeon, respectively. The tensor functions
Γ(l)µνκρ (l = 0, 2) are defined in (A.13), (A.14). Using (2.9) we get from (3.2)

Wµν(p, q) =
1

2πmpW 2

∑
j=0,1,2

3βjpp(W
2α̃′j)

εj cos
(π

2
εj

)
×
{(
−gµν +

qµqν
q2

)[
b̂j(Q

2)
(
4(p · q)2 − 2q2m2

p

)
− 2âj(Q

2)(−q2)
(
4(p · q)2 − q2m2

p

) ]
+

(
pµ − p · q

q2
qµ
)(

pν − p · q
q2

qν
)

(−4q2)b̂j(Q
2)

}
,

(3.3)
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hard pomeron P0 soft pomeron P1 reggeon f2R

intercept α0(0) = 1 + ε0 α1(0) = 1 + ε1 α2(0) = 1 + ε2

slope parameter α′0 α′1 α′2

W 2 parameter α̃′0 α̃′1 α̃′2

pp coupling parameter β0pp β1pp β2pp

γ∗γ∗ coupling functions â0(Q
2), b̂0(Q

2) â1(Q
2), b̂1(Q

2) â2(Q
2), b̂2(Q

2)

Table 1: Notation for the parameters of our ansatz with hard and soft pomeron and f2R
reggeon exchange. The propagators and vertices containing these parameters are given
in detail in appendix A.

such that

W1(ν,Q
2) =

1

2πmpW 2

∑
j=0,1,2

3βjpp(W
2α̃′j)

εj cos
(π

2
εj

)
×
[
b̂j(Q

2)
(
4(p · q)2 + 2Q2m2

p

)
− 2Q2âj(Q

2)
(
4(p · q)2 +Q2m2

p

)] (3.4)

and
W2(ν,Q

2) =
mp

2πW 2

∑
j=0,1,2

3βjpp(W
2α̃′j)

εj cos
(π

2
εj

)
4Q2b̂j(Q

2) . (3.5)

Writing W1 (3.4) in terms of the variables Q2 and W 2 we get

W1(ν,Q
2) =

(W 2 −m2
p)

2

2πmpW 2

∑
j=0,1,2

3βjpp(W
2α̃′j)

εj cos
(π

2
εj

)

×
{
b̂j(Q

2)

[
1 +

2Q2

W 2 −m2
p

+
Q2(Q2 + 2m2

p)

(W 2 −m2
p)

2

]

−2Q2âj(Q
2)

[
1 +

2Q2

W 2 −m2
p

+
Q2(Q2 +m2

p)

(W 2 −m2
p)

2

]}
.

(3.6)
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From (3.5) and (3.6) we get for σT and σL (2.10) with αem = e2/(4π), the fine structure
constant,

σT (W 2, Q2) = 4παem

W 2 −m2
p

W 2

∑
j=0,1,2

3βjpp(W
2α̃′j)

εj cos
(π

2
εj

)

×
{
b̂j(Q

2)

[
1 +

2Q2

W 2 −m2
p

+
Q2(Q2 + 2m2

p)

(W 2 −m2
p)

2

]
(3.7)

−2Q2âj(Q
2)

[
1 +

2Q2

W 2 −m2
p

+
Q2(Q2 +m2

p)

(W 2 −m2
p)

2

]}
,

σL(W 2, Q2) = 4παem

W 2 −m2
p

W 2
Q2

∑
j=0,1,2

3βjpp(W
2α̃′j)

εj cos
(π

2
εj

)
(3.8)

×
{

2âj(Q
2)

[
1 +

2Q2

W 2 −m2
p

+
Q2(Q2 +m2

p)

(W 2 −m2
p)

2

]
+ b̂j(Q

2)
2m2

p

(W 2 −m2
p)

2

}
.

From (3.7) and (3.8) we finally get for the structure functions F2 = νW2 and FL

F2(W
2, Q2) =

Q2

4π2αem
(1− x)

[
1 + 2δ(W 2, Q2)

]−1 [
σT (W 2, Q2) + σL(W 2, Q2)

]
=
Q2

π
(1− x)

[
1 + 2δ(W 2, Q2)

]−1
×
W 2 −m2

p

W 2

∑
j=0,1,2

3βjpp(W
2α̃′j)

εj cos
(π

2
εj

)
(3.9)

× b̂j(Q2)

[
1 +

2Q2

W 2 −m2
p

+
Q2(Q2 + 4m2

p)

(W 2 −m2
p)

2

]
,

FL(W 2, Q2) =
Q2

4π2αem
(1− x)σL(W 2, Q2)

=
Q4

π
(1− x)

W 2 −m2
p

W 2

∑
j=0,1,2

3βjpp(W
2α̃′j)

εj cos
(π

2
εj

)
(3.10)

×
{

2âj(Q
2)

[
1 +

2Q2

W 2 −m2
p

+
Q2(Q2 +m2

p)

(W 2 −m2
p)

2

]
+ b̂j(Q

2)
2m2

p

(W 2 −m2
p)

2

}
.

Let us now discuss our results (3.2)-(3.10). We first note that with our ansatz for
the soft and hard pomeron plus f2R reggeon all gauge-invariance relations for the virtual
Compton amplitude are satisfied. Indeed, we find from (3.2) and (A.16)

qµMµν
λ′λ(p, q) = 0 ,

qνMµν
λ′λ(p, q) = 0 .

(3.11)

Also, σL(W 2, Q2) vanishes proportional to Q2 for Q2 → 0, whereas σT (W 2, 0) gives the
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pomeron plus f2R reggeon part of the total γp cross section for real photons,

σT (W 2, 0) = σγp(W
2)

= 4παem

W 2 −m2
p

W 2

∑
j=0,1,2

3βjpp(W
2α̃′j)

εj cos
(π

2
εj

)
b̂j(0) .

(3.12)

For this soft process the contributions from the soft pomeron P1 (j = 1) plus f2R reggeon
(j = 2) are expected to dominate.

For large Q2, on the other hand, we expect the hard pomeron P0 to give the main
contribution to σT and σL. For

W 2 � Q2 � m2
p (3.13)

we get, therefore, from (3.7) and (3.8) the following approximate relations:

σT (W 2, Q2) ∼= 4παem 3β0pp(W
2α̃′0)

ε0 cos
(π

2
ε0

) [
b̂0(Q

2)− 2Q2â0(Q
2)
]
, (3.14)

σL(W 2, Q2) ∼= 4παemQ
2 3β0pp(W

2α̃′0)
ε0 cos

(π
2
ε0

)
2â0(Q

2) , (3.15)

and
σL(W 2, Q2)

σT (W 2, Q2)
∼= 2Q2â0(Q

2)

b̂0(Q2)− 2Q2â0(Q2)
. (3.16)

This shows that in the limit (3.13) σL(W 2, Q2) determines the function â0(Q
2) while

σT (W 2, Q2) + σL(W 2, Q2) determines the function b̂0(Q
2).

4 Compton amplitude and vector pomeron

In this section we shall show that for real Compton scattering on a proton the exchange of
a vector-type pomeron PV gives an amplitude that vanishes identically. We investigate
the reaction

γ(q, ε) + p(p, λ) −→ γ(q′, ε′) + p(p′, λ′) (4.1)

for real photons, q2 = q′2 = 0, and consider the diagram of fig. 4 with vector pomeron
exchange. The kinematic variables are the c. m. energy W and the momentum transfer
squared,

W 2 = (p+ q)2 = (p′ + q′)2 ,

t = (p− p′)2 = (q′ − q)2 .
(4.2)

The PV pp vertex and the PV propagator are standard; see e. g. appendix B of [14]
and (B.1), (B.2) of the present paper. The important task is to find the structure of
the PV γγ vertex. Using the constraints of Bose symmetry for the photons, of gauge
invariance, and of parity conservation in the strong and electromagnetic interactions we
derive in appendix B for the PV γγ vertex function the expression

Γ(PV γγ)
µνρ (q′,−q) = Â2(t)

[
q′µ(−q′νqρ + (q′ · q)gνρ)− (−qµq′ρ + (q′ · q)gµρ)qν

]
− Â3(t) q

′
µqν(q′ρ − qρ)

+ Â4(t) (−qµq′ν + (q′ · q)gµν)(q′ρ − qρ) .
(4.3)
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PV

p(p, λ) p(p′, λ′)

γ(q′, ǫ′)γ(q, ǫ)

p− p′

q q′

Figure 4: Real Compton scattering on a proton with exchange of a vector pomeron PV .

Here µ, ν, and ρ are the Lorentz indices for the outgoing photon, the incoming photon,
and the vector pomeron PV , respectively. The Âj(t) (j = 2, 3, 4) are invariant functions.

Applying now (B.1), (B.2), and (4.3) to the amplitude for reaction (4.1) we find from
the diagram of fig. 4

〈γ(q′, ε′), p(p′, λ′)|T |γ(q, ε), p(p, λ)〉PV =− ε′∗µ Γ(PV γγ)
µνρ (q′,−q) εν∆(PV )ρσ(W 2, t)

× ūλ′(p′)Γ(PV pp)
σ (p′, p)uλ(p)

= 0 .

(4.4)

Here we have used
q′ · ε′ = 0 , q · ε = 0 (4.5)

and
(q′ − q)ρ ūλ′(p′)γρuλ(p) = (p− p′)ρ ūλ′(p′)γρuλ(p) = 0 . (4.6)

The vector pomeron exchange hence gives zero contribution for real Compton scattering.
In particular, this implies that a vector pomeron exchange cannot contribute to the total
photoabsorption cross section σγp(W

2) which is proportional to the absorptive part of
the forward Compton amplitude. On the other hand, we see from (3.12) that our tensor
exchanges give non-zero contributions to σγp for b̂j(0) 6= 0. And this will indeed be
the case in our fits shown in section 5 below. We think that the decoupling of a vector
pomeron in real Compton scattering is another strong argument against treating the
pomeron as an effective vector exchange. We note that this vector pomeron decoupling
is closely related to the famous Landau-Yang theorem [25, 26] which says that a massive
vector particle cannot decay to two real photons; see appendix B.

5 Comparison with experiment

In this section we compare our theoretical ansatz for the tensor-pomeron and f2R-reggeon
exchanges, as explained in section 3, to experiment by making a global fit. For this fit
we use the HERA inclusive DIS data [27] from four different centre-of-mass energies,
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√
s = 225, 251, 300, and 318 GeV. We require

Q2 < 50 GeV2 and x < 0.01 . (5.1)

For the photoproduction cross section we use the measurements from H1 [28] at W =
200 GeV and ZEUS [29] at W = 209 GeV. In addition, we include in the analysis data
at intermediate W (40 GeV < W < 150 GeV) from astroparticle observations [30] and
at low W (6 GeV < W < 19 GeV) from a tagged-photon experiment at Fermilab [31].

The directly measured quantity at HERA is the reduced cross section defined as

σred(W 2, Q2, y) =
Q4x

2πα2
em[1 + (1− y)2]

d2σ

dx dQ2
(ep→ eX) . (5.2)

Expressing this in terms of σT and σL (2.10) we get

σred(W 2, Q2, y) =
1 + (1− y)2 + y2δ(W 2, Q2)

1 + (1− y)2
[1 + 2δ(W 2, Q2)]−1

Q2

4π2αem
(1− x)

×
[
σT (W 2, Q2) + σL(W 2, Q2)− f̃(W 2, Q2, y)σL(W 2, Q2)

]
,

(5.3)

where

f̃(W 2, Q2, y) = 1− ε =
y2[1 + 2δ(W 2, Q2)]

1 + (1− y)2 + y2δ(W 2, Q2)
. (5.4)

Alternatively, we can express σred through the structure functions (3.9), (3.10),

σred(W 2, Q2, y) =
1 + (1− y)2 + y2δ(W 2, Q2)

1 + (1− y)2

×
{
F2(W

2, Q2)− f̃(W 2, Q2, y)[1 + 2δ(W 2, Q2)]−1FL(W 2, Q2)
}
.

(5.5)

Now we discuss the parameters of our model, cf. table 1. For the soft pomeron P1

we take the default values from (A.3) for

α′1 = α̃′1 = 0.25 GeV−2 (5.6)

and leave
ε1 = α1(0)− 1 (5.7)

as a fit parameter. The P1pp coupling parameter β1pp is fixed to (A.11). For our hard
pomeron P0 we also use, for lack of better information,

α′0 = α̃′0 = 0.25 GeV−2 ,

β0pp = β1pp = 1.87 GeV−1
(5.8)

and leave
ε0 = α0(0)− 1 (5.9)

as a fit parameter. The pomeron-γ∗γ∗ coupling functions

âj(Q
2) and b̂j(Q

2) (j = 0, 1) (5.10)
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parameter default value used fit result

P0 intercept α0(0) = 1 + ε0

ε0 = 0.3008 (+73
−84)

slope parameter α′0 = 0.25 GeV−2

W 2 parameter α̃′0 = 0.25 GeV−2

pp coupling parameter β0pp = 1.87 GeV−1

P1 intercept α1(0) = 1 + ε1

ε1 = 0.0935 (+76
−64)

slope parameter α′1 = 0.25 GeV−2

W 2 parameter α̃′1 = 0.25 GeV−2

pp coupling parameter β1pp = 1.87 GeV−1

f2R intercept α2(0) = 0.485 (+88
−90)

slope parameter α′2 = 0.9 GeV−2

W 2 parameter α̃′2 = 0.9 GeV−2

pp coupling parameter β2pp = 3.68 GeV−1

Table 2: Fit values obtained for the pomeron and f2R reggeon intercepts and default
values used for the other parameters; see appendix A.

are determined from the fit. These functions are parametrised with the help of cubic
splines as explained in appendix C. Note that only the products

βjpp âj(Q
2) and βjpp b̂j(Q

2) (5.11)

can be determined from our reaction. For f2R exchange we leave α2(0) = 1 + ε2 as
fit parameter and use for α′2, α̃

′
2, β2pp the default values from (A.22), (A.25), (A.26).

The function b̂2(Q
2), parametrised according to (C.2), is determined from the fit. The

function â2(Q
2) is set to zero, which is justified in our case since for the photoproduction

cross section â2(0) does not contribute; see (3.12). For Q2 > 0, on the other hand, the
data to which we fit are at sufficiently high W such that the whole contribution of the
f2R exchange is very small there. With â2(Q

2) = 0 we neglect in essence the possible
f2R-exchange contribution to σL; see (3.8). The fit parameters for the pomeron and
f2R reggeon properties are summarised in table 2. The ansätze for the pomeron- and
f2R reggeon-photon coupling functions are discussed in appendix C. The fit procedure is
explained in appendix D and the fit results for the parameters of our model are given in
table 4 in appendix E. Further quantities occurring in our formulae are the fine structure
constant αem, the proton massmp, andM0 used in various places for dimensional reasons.
We have

αem = 0.0072973525664 ,

mp = 0.938272 GeV ,

M0 = 1 GeV .

(5.12)
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Figure 5: Comparison of the global fit to the photoproduction cross sections [28, 29,
30, 31]. The reggeon contribution is indicated. The experimental uncertainties of the fit
are indicated as shaded bands.

Our global fit has 25 parameters which are, however, not all of the same quality. The
most important parameters are the three intercepts, α0(0) = 1 + ε0, α1(0) = 1 + ε1, and
α2(0); see table 2. Then we have the values of the pomeron-γ∗γ∗ and f2R-γ∗γ∗ coupling
functions at Q2 = 0, that is, b̂j(0) (j = 0, 1, 2) and âj(0) (j = 0, 1) which give another
five parameters. The fall-off of these coupling functions with Q2 involves the remaining
17 parameters. Here we have some freedom in choosing e. g. more or fewer spline knots
for the functions b̂j(Q

2) (j = 0, 1). We found it convenient to use N = 7 spline knots;
see appendix C.2 and table 4 in appendix E.

Let us now show our fit results starting with photoproduction in fig. 5. The fit is very
satisfactory. The f2R reggeon contribution is also indicated. It is found to be important
for W < 30 GeV.

In figs. 6 to 11 we show our fit results for the HERA data. Here we indicate also
the soft pomeron contribution. The contribution of the f2R component for the HERA
DIS data which we use (x < 0.01) is found to be very small from the fits and is hardly
visible in figs. 6 to 11. The quality of our global fit, which has 25 parameters, is assessed
in table 3, and is overall found to be very satisfactory. The experimental uncertainties
indicated as shaded bands in fig. 5 and the following figures correspond to one standard
deviations; see appendix D.

We now want to discuss in detail the results of our fit. We start with the intercepts
of the pomerons and of the f2R reggeon. From our global fit the soft pomeron (P1)
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Figure 6: Comparison of the fit to DIS cross sections at centre-of-mass energy 225 GeV.
We also show the soft contribution (soft pomeron plus f2R reggeon) and the contribution
of the structure function F2 in the reduced cross section; see (5.5). The experimental
uncertainties of the fit are indicated as shaded bands.
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Figure 7: Comparison of the fit to DIS cross sections at centre-of-mass energy 251 GeV.
We also show the soft contribution (soft pomeron plus f2R reggeon) and the contribution
of the structure function F2 in the reduced cross section; see (5.5). The experimental
uncertainties of the fit are indicated as shaded bands.
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Figure 8: Comparison of the fit to DIS cross sections at centre-of-mass energy 300 GeV,
at low Q2 < 1.5 GeV2. We also show the soft contribution (soft pomeron plus f2R
reggeon) and the contribution of the structure function F2 in the reduced cross section;
see (5.5). The experimental uncertainties of the fit are indicated as shaded bands.
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Figure 9: Comparison of the fit to DIS cross sections at centre-of-mass energy 300 GeV,
at high Q2 ≥ 1.5 GeV2. We also show the soft contribution (soft pomeron plus f2R
reggeon) and the contribution of the structure function F2 in the reduced cross section;
see (5.5). The experimental uncertainties of the fit are indicated as shaded bands.
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Figure 10: Comparison of the fit to DIS cross sections at centre-of-mass energy 318 GeV,
at low Q2 < 1.5 GeV2. We also show the soft contribution (soft pomeron plus f2R
reggeon) and the contribution of the structure function F2 in the reduced cross section;
see (5.5). The experimental uncertainties of the fit are indicated as shaded bands.
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Figure 11: Comparison of the fit to DIS cross sections at centre-of-mass energy 318 GeV,
at high Q2 ≥ 1.5 GeV2. We also show the soft contribution (soft pomeron plus f2R
reggeon) and the contribution of the structure function F2 in the reduced cross section;
see (5.5). The experimental uncertainties of the fit are indicated as shaded bands.
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dataset χ2 number of points

DIS
√
s = 225 GeV 104.98 91

DIS
√
s = 251 GeV 113.12 118

DIS
√
s = 300 GeV 60.38 71

DIS
√
s = 318 GeV 271.82 245

HERA DIS data, all
√
s 553.77 525

H1 photoproduction 0.23 1

ZEUS photoproduction 0.03 1

cosmic ray data 0.62 4

tagged photon beam 33.29 30

all datasets 587.94 NDF = (561− 25), probability 6.0%

Table 3: Partial χ2 and number of data points per dataset, goodness of fit, number
of degrees of freedom and fit probability for our tensor-pomeron fit. The partial χ2

numbers for the individual DIS centre-of-mass energies (upper part of the table) do
not add up to the number quoted for all HERA DIS data. This is expected because
correlated uncertainties between the different centre-of-mass energies also contribute.

intercept comes out as

α1(0) = 1 + ε1 , ε1 = 0.0935 (+76
−64) . (5.13)

This is well compatible with the standard value ε ≈ 0.08 to 0.09 obtained from hadronic
reactions; see for instance chapters 3 of [4] and [11]. The value of the f2R intercept is
found to be

α2(0) = 0.485 (+88
−90) (5.14)

and is in agreement with the determinations from [4, 11] which quote α2(0) = 0.5475.
For the hard pomeron P0 we find

α0(0) = 1 + ε0 , ε0 = 0.3008 (+73
−84) . (5.15)

This is again a very reasonable value.
Next, let us turn to photoproduction; see fig. 5. The photoproduction is dominated

by soft pomeron exchange in the energy range investigated, 6 GeV < W < 209 GeV. The
f2R reggeon contribution is important for W . 30 GeV and is needed there in order to
get a good fit to the data. The hard pomeron P0 gives only a very small contribution.
In fact, there is no evidence for a non-zero contribution of the hard pomeron to the
photoproduction cross section in the energy range investigated here. At W = 200 GeV,
for instance, the fitted contributions to the photoproduction cross section are

170.4 +4.2
−4.0 µb for the soft pomeron P1 ,

0.002 +0.086
−0.002 µb for the hard pomeron P0 ,

0.84 +0.99
−0.58 µb for the f2R reggeon.
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Figure 12: The pomeron-γ∗γ∗ coupling functions âj(Q
2) for j = 0 (hard pomeron)

and j = 1 (soft pomeron); see (3.9), (3.10), and (A.19). The shaded bands indicate the
experimental uncertainties.

For lower W values the relative contribution of the hard pomeron to photoproduction is
even smaller due to ε0 > ε1.

In figures 6-11 we show the comparison of our global fit with the HERA DIS data.
Note that in figures 6, 7, 9, and 11, we also show the extrapolation of our fit to the
region 50 GeV2 ≤ Q2 ≤ 90 GeV2. The HERA data in this region are not included in
the fit but still reasonably well described by it. In our global fit we have as parameters
also the pomeron-γ∗γ∗ coupling functions âj(Q

2) and b̂j(Q
2) (j = 0, 1); see table 1 and

(A.18), (A.19). The latter are parametrised with the help of cubic splines; see appendix
C. In figures 12 to 15 we show the fit results for these functions which are discussed
further in appendices D and E. Note that above Q2 = 50 GeV2 the displayed curves are
extrapolations beyond the last spline knot. In essence, these functions are extrapolated
using simple power laws in Q2; see (C.3), (C.5) and (C.6) in appendix C.

Let us now point out some salient features of our global fit to HERA DIS data,
figures 6 to 11.

We see from figures 8 and 10 that the soft pomeron P1 dominates σred for Q2 .
1 GeV2. For higher Q2 (figures 6, 7, 9, 11) the soft component slowly decreases relative
to the hard one. For the c. m. energies

√
s investigated, the soft and hard components

are of similar size near Q2 ≈ 5 GeV2. Dominance of the hard component (P0) can only
be seen for Q2 & 20 GeV2. Thus, our fit tells us that the soft pomeron (P1) contribution
is essential for an understanding of the HERA data for Q2 < 50 GeV2 and x < 0.01.

In figures 6 to 11 we have also indicated the contribution of the structure function
F2 alone to σred; see (5.5). At fixed s and Q2, large W corresponds to large y; see (2.2).
At large y the negative term −f̃σL in σred (see (5.3),(5.4)) becomes important. The
turning away of the data from the lines ’F2 component’ therefore indicates a sizeable
contribution from the longitudinal cross section σL. Our model gives a good description
of this feature of the data.
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Figure 13: The pomeron-γ∗γ∗ coupling functions Q2âj(Q
2) for j = 0 (hard pomeron)

and j = 1 (soft pomeron); see (3.9), (3.10), and (A.19). The shaded bands indicate the
experimental uncertainties.
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Figure 14: The pomeron- and reggeon-γ∗γ∗ coupling functions b̂j(Q
2) for j = 0 (hard

pomeron), j = 1 (soft pomeron), and j = 2 (reggeon); see (3.9), (3.10), (A.19), and
(A.28). The shaded bands indicate the experimental uncertainties. More precisely, we
show the functions kj b̂j(Q

2), where b̂0(Q
2) is scaled up by a factor k0 = 100 for displaying

purposes while the functions b̂1(Q
2) and b̂2(Q

2) are not scaled up, that is k1 = k2 = 1.
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Figure 15: The pomeron- and reggeon-γ∗γ∗ coupling functions b̂j(Q
2) for j = 0 (hard

pomeron), j = 1 (soft pomeron), and j = 2 (reggeon); see (3.9), (3.10), (A.19), and
(A.28). The shaded bands indicate the experimental uncertainties. More precisely, we
show the functions kj b̂j(Q

2), where b̂0(Q
2) is scaled up by a factor k0 = 100 for displaying

purposes while the functions b̂1(Q
2) and b̂2(Q

2) are not scaled up, that is k1 = k2 = 1.

Another way to assess the importance of σL is to consider the ratio

R(W 2, Q2) =
σL(W 2, Q2)

σT (W 2, Q2)
. (5.16)

Our fit results for R and for FL (3.10) are shown in fig. 16. Within the fit ansatz,
the ratio R = σL/σT of longitudinal to transverse cross sections depends on Q2 and
W . Figure 16 shows the dependence of R and of the structure function FL on Q2 at
fixed W . In both panels, H1 data [32] are shown for comparison with our global fit
results. The H1 data are extracted in a model-independent way directly from H1 cross
sections measured at a fixed Q2 and x but different centre-of-mass energies. The W
corresponding to the H1 data is around 200 GeV, the extreme values are W = 232 GeV
at Q2 = 1.5 GeV2 and W = 193 GeV at Q2 = 45 GeV2. The same H1 cross section
data [32] also contribute strongly to the HERA data combination of DIS cross sections
[27], which is used as input to our fit. Still, the fit predicts R and FL somewhat above
the H1 data. The H1 R and FL data however have a sizeable point-to-point correlated
uncertainty, which for FL is of order 0.045 as indicated. Moreover, the determinations
of R in the fit or directly from H1 cross sections probe different aspects of the data.

In the H1 extraction from data, the structure function F2 is a free parameter for each
point in Q2 and W , which basically is set by the measurements at high centre-of-mass
energies

√
s = 318 GeV and W = 200 GeV (figure 11). The structure function FL and

the ratio R are then determined largely by the data points at low
√
s = 225 GeV and

W = 200 GeV (figure 6).
In contrast, F2 in our fit is determined largely by data from lower W and the power

exponents εi. The functions FL and R are then determined from all centre-of-mass
energies together at their respective largest W ; however, the most precise data at largest
W (figure 11) contribute most.
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Figure 16: The ratio R = σL/σT of longitudinal to transverse cross sections and the
structure function FL are shown as a function of Q2 for three choices of W in comparison
to data extracted directly from H1 cross section measurements at different centre-of-mass
energies [32]. These data were taken at W near 200 GeV and are not included in our
fit. The error bars correspond to the H1 experimental uncertainties. The experimental
uncertainties of our fit are indicated for W = 200 GeV as a shaded band. For the case of
the FL measurement, the correlated H1 uncertainty contribution is shown as a hatched
band.

In appendix F we present further discussion of the ratio R (5.16). We show in
particular that the rather large value of R resulting from the fit is not affected much by
making different assumptions for the fit parameters.

6 Discussion

In this article we developed a two-tensor-pomeron model and used it for a fit to data
from photoproduction and from HERA deep-inelastic lepton-nucleon scattering at low
x. The c. m. energy range of these data is 6 to 318 GeV, the Q2 range 0 to 50 GeV2.
For the theoretical description we also included the f2R reggeon exchange which turned
out to be relevant for energies . 30 GeV. The fit parameters were the intercepts of
the two pomerons and of the reggeon, and their coupling functions to real and virtual
photons. The fit turned out to be very satisfactory and allowed us to determine, for
instance, the intercepts of the hard pomeron (P0), of the soft pomeron (P1) and of the
f2R reggeon. We obtained very reasonable numbers for these intercepts; see table 2.
The real photoabsorption cross section σγp is found to be dominated by soft pomeron
exchange with, at lower energies, a contribution from f2R reggeon exchange. Within
the errors of our fit a hard pomeron contribution is not visible for photoproduction.
But as Q2 increases the hard pomeron becomes more and more important. Hard and
soft pomeron give contributions of roughly equal size for Q2 ≈ 5 GeV2, but the soft
contribution is still clearly visible for Q2 ≈ 20 GeV2.
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Our results indicate that in the energy and Q2 range investigated the γ∗-proton
absorption cross sections rise with energy as W 2ε1 for low Q2 and change to W 2ε0 for
high Q2. Here ε1 ≈ 0.09 and ε0 ≈ 0.30 are the intercepts minus one of the pomerons P1

and P0; see table 2. It has been realised already a long time ago (see for instance [33])
that parton densities in hadrons become large in high-energy or low-x scattering. This
can give rise to parton recombination and saturation, potentially taming the growth of
cross sections at high energies. At the energies investigated here we find no indication
that the rise of the γ∗-proton absorption cross sections levels off. The question can be
asked if the γ∗p cross sections could continue to rise indefinitely for higher and higher W .
We note first that there is no Froissart-like bound for the rise of the γ∗p cross sections
since γ∗ is not an asymptotic hadronic state. Thus, there is no non-linear unitarity
relation for the γ∗p cross sections which would be a prerequisite for the derivation of
a Froissart-like bound. The γ∗p cross sections may well stop to rise at higher W due
to saturation effects, but this will then, in our opinion, not be related to the Froissart-
Martin-Lukaszuk bound [34, 35, 36] which applies to hadronic cross sections. We see no
rigorous theoretical argument against an indefinite rise of the γ∗p cross sections with W .
Note that these ’γ∗p cross sections’ are in reality current-current correlation functions.
The standard folklore of quantum field theory (QFT) is that such functions should be
polynomially bounded which is clearly fulfilled in our case. Some time ago, one of us
investigated theoretically the low-x behaviour of the γ∗p cross sections in QCD [37].
There, arguments were given that identify two regimes in low-x DIS, one for low Q2 and
one for high Q2. It was argued that, in the high Q2-region of low-x, DIS could be related
to a critical phenomenon where, for instance, ε0 would be one of the critical exponents.
In such a picture it would be natural to have a power rise with W for the γ∗p cross
sections σT and σL. But to know the actual behaviour of σT and σL for W values higher
than available today we will have to wait for future experiments.

We can obtain further support for the view that low-x DIS at high enough Q2 can be
understood as a critical phenomenon from our present results. We see from (3.14) and
(3.15) and the fit results for âj(Q

2) and b̂j(Q
2) (j = 0, 1) summarised in tables 4 and 5

that for Q2 & 20 GeV2 the γ∗p cross sections are well represented by simple power laws
in Q2 and W 2:

σT (W 2, Q2) + σL(W 2, Q2) ∝ b̂0(Q2) (W 2)ε0

∝ (Q2)−η0 (W 2)ε0 , (6.1)

σL(W 2, Q2) ∝ Q2 â0(Q
2) (W 2)ε0

∝ (Q2)−δ0 (W 2)ε0 . (6.2)

Here we have from (C.3), (C.5), (C.6), and tables 4 and 5

δ0 = 2.51 (+68
−57)

η0 = − n0,7 = 0.967(73) .
(6.3)

Such simple power laws (6.1) and (6.2) were, indeed, suggested in [37]. The quantities
δ0 and η0 are in this view, together with ε0, critical exponents.
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In our work we have paid particular attention to describing and fitting not only the
structure function F2, which is proportional to σT + σL, but the reduced cross section
σred (5.3), (5.4) which contains all experimentally available information on σT and σL
separately. Our fit results for R = σL/σT indicate that it is rather large, R & 0.4 for
1 GeV2 . Q2 . 10 GeV2 even taking the one standard deviation errors into account;
see fig. 16, and also fig. 17 in appendix F. We note that such a large value of R, taken
at face value, presents problems for the standard colour-dipole model of low-x DIS. In
the framework of this model two of us derived a rigorous upper limit of R ≤ 0.37248;
see [38, 39] and references therein. The derivation of this bound uses only the standard
dipole-model relations, in particular, the expressions for the photon wave functions at
lowest order in the strong coupling constant αs and the non-negativity of the dipole-
proton cross sections. The then available H1 data forR from [40] were compared with this
and related bounds in [41]. A very conservative conclusion from our findings concerning
R in the present paper is, therefore, as follows. If one wants to be sure to be in a
kinematic region where the colour-dipole model can be applied in the HERA energy
range one should limit oneself to Q2 & 10 GeV2. Below Q2 ≈ 10 GeV2 corrections to
the standard dipole picture, as listed and discussed e. g. in [38], may become important.
There is, however, a strong caveat concerning the R determination from our fit to σred.
We use our explicit tensor pomeron model and, thus, our R values are not derived in a
model-independent way. We cannot exclude the possibility that a different model may
give somewhat different results for R from a fit to σred.

The next topic we want to address briefly concerns the twist expansion for the struc-
ture functions of DIS; see for instance [42]. Note that the twist expansion is, in essence,
an expansion in inverse powers of Q2. Thus, it only makes sense for sufficiently large Q2

and, certainly, cannot be extended down to Q2 = 0. It is well known that the leading
twist-2 terms correspond to the QCD-improved parton picture with parton distributions
obeying the famous DGLAP evolution equations [43, 44, 45]. In our framework the
question arises how the hard and soft pomeron contributions will contribute to leading
and higher twists. It is tempting to associate, at large enough Q2, the hard pomeron
contribution with leading twist 2 and the soft pomeron contribution with higher twists.
Indeed, the latter vanishes relative to the former for large Q2 where the ratios of the
Pjγ

∗γ∗ coupling functions âj(Q
2) and b̂j(Q

2) for the soft (j = 1) and hard (j = 0)
pomeron behave as

â1(Q
2)

â0(Q2)
∝ (Q2)δ0−δ1 ≈ (Q2)−3 ,

b̂1(Q
2)

b̂0(Q2)
∝ (Q2)n1,7−n0,7 ≈ (Q2)−1.2 ;

(6.4)

see tables 4 and 5. This point of view, as expressed above, is close to what was advocated
in [46]. Following [46] we would then conclude that higher twist effects – the soft pomeron
contribution – stay important for x < 0.01 up to Q2 ≈ 20 GeV2. Certainly, it will be
worthwhile to study in more detail the connection of our two-tensor-pomeron model
with the description of the HERA data using parton distribution functions and with the
DGLAP and BFKL [47, 48] evolution equations. But this clearly goes beyond the scope

25



of the present work.
As we have stated in the introduction it is not our aim here to give a comparison

of the various theoretical approaches to low-x DIS physics. Let us just briefly comment
on some recent fits to the HERA low-x data where various methods were used. In [40]
a so-called λ-fit in which F2 is approximated by a power law in x with a Q2-dependent
exponent was presented. The ansatz was then extended by adding in this exponent a
’λ′ term’ proportional to lnx. Furthermore, a fit based on DGLAP evolution, as well as
dipole model fits were presented. In [49] a higher-twist ansatz was added to a DGLAP
fit. Dipole models were used for example in [50], and DGLAP fits with BFKL-type low-x
resummation improvement in [51] and [52]. However, in all these approaches the limit
Q2 → 0, that is the photoabsorption cross section, is not included in the considerations.
Typically, a minimum Q2 of order 3.5 GeV2 is imposed.2 In our approach, on the other
hand, photoabsorption is treated in the same framework as DIS, allowing a detailed
investigation of the transition from hard to soft scattering.

7 Conclusions

In summary, we have presented a fit, based on a two-tensor-pomeron model, to pho-
toproduction and low-x deep-inelastic lepton-nucleon scattering data from HERA. We
have determined the intercepts of the soft and hard pomeron and of the f2R reggeon,
obtaining very reasonable numbers; see table 2.

The two-tensor-pomeron model allows us to describe the transition from Q2 = 0
and low Q2, where the real or virtual photon acts hadron-like and the soft pomeron
dominates, to high Q2, the hard scattering regime dominated by the hard pomeron.
The transition region where both pomerons contribute significantly was found to be
roughly 0 < Q2 < 20 GeV2. For the photoproduction cross section σγp(W ) we found no
significant contribution from the hard pomeron. Thus, σγp(W ) is, in the c. m. energy
range 6 GeV < W < 209 GeV, dominated by soft-pomeron exchange with a significant
f2R contribution for W < 30 GeV.

In the high-Q2 and low-x regime of DIS we found a good representation of the γ∗p
cross sections σT +σL and σL as products of simple powers in Q2 and W 2; see (6.1)-(6.3).
This may suggest that low-x phenomena at high enough Q2 may have an interpretation
as a critical phenomenon as suggested in [37].

In contrast to our tensor-pomeron model which gives an excellent description of the
real photoabsorption cross section we found that a vector ansatz for the pomeron is ruled
out as it gives zero contribution there; see section 4 and appendix B.

2We would like to point out that it is not surprising that dipole model fits have difficulties for very
low Q2. At low momenta, the use of the lowest order photon wave functions becomes questionable. In
addition, most dipole models (including the ones mentioned above) use Bjorken-x as energy variable of
the dipole-proton cross section. This means that for Q2 = 0, which implies x = 0, the dipole-proton cross
section is constant and, thus, has no energy dependence. Consequently, also the total photoabsorption
cross section σγp(W ) can, in these models, have no energy dependence – in contradiction to experiment;
see fig. 5. Indeed, it has been argued in [53, 38, 54] that in the dipole-proton cross section W should be
used as the energy variable.
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We are looking forward to further tests of our two-tensor-pomeron model at fu-
ture lepton-proton scattering experiments in the low-x regime, for instance at a future
Electron-Ion-Collider [55] or a Large Hadron Electron Collider LHeC [56]. In particu-
lar, measurements of σL and R = σL/σT would be very welcome since these quantities
are potentially very promising for a discrimination between different models, while at
present their experimental errors are large.
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A Effective propagators and vertices

For the soft pomeron P1 we use the effective propagator as given in (3.10) and (3.11) of
[11],

P1

µν κλ
t

s

i∆
(P1)
µν,κλ(s, t) =

1

4s

(
gµκgνλ + gµλgνκ −

1

2
gµνgκλ

)
(−isα̃′1)α1(t)−1 . (A.1)

The P1 trajectory function is taken as linear in t,

α1(t) = 1 + ε1 + α′1t , (A.2)

For the slope parameter α′1 and the parameter α̃′1 multiplying the squared energy s we
take the default values from [11],

α′1 = 0.25 GeV−2 ,

α̃′1 = α′1 .
(A.3)

The intercept parameter ε1 is in our work left free to be fitted. From our fits described
in section 5 we find (see table 2)

ε1 = 0.0935 (+76
−64) . (A.4)
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For the hard-pomeron propagator our ansatz is similar to (A.1), (A.2),

P0

µν κλ
t

s

i∆
(P0)
µν,κλ(s, t) =

1

4s

(
gµκgνλ + gµλgνκ −

1

2
gµνgκλ

)
(−isα̃′0)α0(t)−1 , (A.5)

with
α0(t) = 1 + ε0 + α′0t , (A.6)

and the parameter ε0 to be determined from experiment. For α′0 and α̃′0 we take, for
lack of better knowledge, the same values as for the soft pomeron,

α′0 = α̃′0 = 0.25 GeV−2 . (A.7)

From the fits in section 5 we get (see table 2)

ε0 = 0.3008 (+73
−84) . (A.8)

The ansatz for the P1pp vertex is given in (3.43) of [11]. Making an analogous ansatz
for the hard pomeron we get:

p′

p

p

p
Pj

µν

iΓ
(Pjpp)
µν (p′, p) =− i 3βjppF

(j)
1 [(p′ − p)2]

×
{

1

2

[
γµ(p′ + p)ν + γν(p′ + p)µ

]
− 1

4
gµν(6p′+ 6p)

}
, (j = 0, 1) .

(A.9)

Here βjpp are coupling constants of dimension GeV−1 and F
(j)
1 (t) are form factors nor-

malised to
F

(j)
1 (0) = 1 . (A.10)

The standard value for the coupling constant of the soft pomeron to protons is

β1pp = 1.87 GeV−1 ; (A.11)

see (3.44) of [11]. The traditional choice for the form factor F
(1)
1 (t) is the Dirac electro-

magnetic form factor of the proton even if it is clear that this cannot be strictly correct;
see the discussion in chapter 3.2 of [4]. But this is not relevant for our present work
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where we only need the form factors at t = 0 where they are equal to 1; see (A.10). For
lack of better knowledge we take

β0pp = β1pp . (A.12)

For the processes that we consider in the present paper this gives no restriction for our
fits since only the products βjppâj(Q

2) and βjppb̂j(Q
2) enter as parameters.

For our ansatz for the Pjγ
∗γ∗ vertices we need the rank-4 tensor functions defined

in (3.18) and (3.19) of [11],

Γ
(0)
µνκλ(k1, k2) = [(k1 · k2)gµν − k2µk1ν ]

[
k1κk2λ + k2κk1λ −

1

2
(k1 · k2)gκλ

]
, (A.13)

Γ
(2)
µνκλ(k1, k2) = (k1 · k2)(gµκgνλ + gµλgνκ) + gµν(k1κk2λ + k2κk1λ)

− k1νk2λgµκ − k1νk2κgµλ − k2µk1λgνκ − k2µk1κgνλ (A.14)

− [(k1 · k2)gµν − k2µk1ν ] gκλ .

We have for i = 0, 2

Γ
(i)
µνκλ(k1, k2) = Γ

(i)
µνλκ(k1, k2) = Γ

(i)
νµκλ(k2, k1) = Γ

(i)
µνκλ(−k1,−k2) , (A.15)

kµ1Γ
(i)
µνκλ(k1, k2) = 0 ,

kν2Γ
(i)
µνκλ(k1, k2) = 0 ,

(A.16)

Γ
(i)
µνκλ(k1, k2) g

κλ = 0 . (A.17)

Now we can write down our ansatz for the Pjγ
∗γ∗ vertices in analogy to the Pρρ vertex

in (3.47) of [11]:

q′

q ν

µ

Pj

κλ

γ∗

γ∗

iΓ
(Pjγ

∗γ∗)
µνκλ (q′, q) =i

[
2ajγ∗γ∗(q

2, q′2, t)Γ
(0)
µνκλ(q′,−q)− bjγ∗γ∗(q2, q′2, t)Γ(2)

µνκλ(q′,−q)
]
,

t = (q − q′)2 , j = 0, 1 .

(A.18)

Here the coupling parameters ajγ∗γ∗ and bjγ∗γ∗ have dimensions GeV−3 and GeV−1,
respectively. In our present work only the values of these parameters for

q2 = q′2 = −Q2 , t = 0

enter. Therefore, we set, pulling out also a factor e2,

ajγ∗γ∗(−Q2,−Q2, 0) = e2âj(Q
2) ,

bjγ∗γ∗(−Q2,−Q2, 0) = e2b̂j(Q
2) ,

j = 0, 1 .

(A.19)
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Our ansätze for the effective propagator and the vertices for f2R-reggeon exchange
are as follows. For the f2R propagator we set (see (3.12), (3.13) of [11])

f2R

µν κλ
t

s

i∆
(f2R)
µν,κλ(s, t) =

1

4s

(
gµκgνλ + gµλgνκ −

1

2
gµνgκλ

)
(−isα̃′2)α2(t)−1 , (A.20)

α2(t) = α2(0) + α′2t (A.21)

with α2(0) as fit parameter. For α′2 and α̃′2 we take the default values from (3.13) of
[11]:

α′2 = 0.9 GeV−2 ,

α̃′2 = α′2 .
(A.22)

Our fit gives (see table 2)
α2(0) = 0.485 (+88

−90) (A.23)

which is nicely compatible with the default value from (3.13) of [11]: α2(0) = 0.5475.
The f2Rpp vertex is given in (3.49), (3.50) of [11] as

p′

p

p

p

f2R

µν

iΓ(f2Rpp)
µν (p′, p) =− igf2Rpp

1

M0
F1[(p

′ − p)2]

×
{

1

2
[γµ(p′ + p)ν + γν(p′ + p)µ]− 1

4
gµν( 6p′+ 6p)

}
,

(A.24)

gf2Rpp = 11.04 , M0 = 1 GeV . (A.25)

In our paper we use as coupling parameter

β2pp =
1

3M0
gf2Rpp = 3.68 GeV−1 . (A.26)

The ansatz for the f2Rγ
(∗)γ(∗) vertex for real and virtual photons will be taken with

the same structure as for f2γγ (see (3.39), (3.40) of [11]),

q′

q ν

µ

f2R

κλ

γ∗

γ∗

iΓ
(f2Rγ

∗γ∗)
µνκλ (q′, q) .
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In the present work we need this vertex only for

q′ = q , q2 = −Q2 ≤ 0 , (A.27)

and our ansatz for this case reads

iΓ
(f2Rγ

∗γ∗)
µνκλ (q, q) = i

[
2e2â2(Q

2) Γ
(0)
µνκλ(q,−q)− e2b̂2(Q2) Γ

(2)
µνκλ(q,−q)

]
. (A.28)

B Formulae for a hypothetical vector pomeron

In this appendix we collect the necessary formulae for the (hypothetical) vector pomeron
couplings to protons and real photons. These formulae are used in section 4. The PV pp
vertex and the PV propagator are standard; see e. g. [4] and appendix B of [14]. We
have

p′

p

p

p

PV

σ

iΓ(PV pp)
σ (p′, p) = −i 3βPV ppF1[(p− p′)2]M0γσ , (B.1)

with βPV pp = 1.87 GeV−1, M0 = 1 GeV, and

PV

ρ σ
t

W 2

i∆(PV )
ρσ (W 2, t) =

1

M2
0

gρσ(−iW 2α′PV )αPV (t)−1 . (B.2)

In (B.1) F1(t) is a form factor normalised to F1(0) = 1. In (B.2) αPV (t) is the vector
pomeron trajectory function and α′

PV
is the slope parameter. The numerical values for

these quantities play no role in the following and in section 4. For the PV γγ vertex we
assume that it respects the standard rules of QFT. We have, orienting here for simplicity
both photons as outgoing,

k1

k2 ν

µ

PV

ρ

γ

γk1 + k2

iΓ
(PV γγ)
µνρ (k1, k2) . (B.3)
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For this vertex function we have the constraints of Bose symmetry for the two photons,

Γ(PV γγ)
µνρ (k1, k2) = Γ(PV γγ)

νµρ (k2, k1) , (B.4)

and of gauge invariance,

kµ1Γ(PV γγ)
µνρ (k1, k2) = 0 ,

kν2Γ(PV γγ)
µνρ (k1, k2) = 0 .

(B.5)

The vertex PV γγ should also respect parity invariance. We have then 14 tensors, con-
structed from k1, k2 and the metric tensor, at our disposal,

k1µk1νk1ρ , k1µk1νk2ρ , k1µk2νk1ρ , k1µk2νk2ρ ,

k2µk1νk1ρ , k2µk1νk2ρ , k2µk2νk1ρ , k2µk2νk2ρ ,

gµνk1ρ , gµρk1ν , gνρk1µ , gµνk2ρ , gµρk2ν , gνρk2µ .

(B.6)

To construct the most general vertex (B.3) we have to multiply these tensors with
invariant functions depending on k21, k22, and (k1 + k2)

2, and take their sum. In the
following, however, we shall only consider the case k21 = k22. With the requirement (B.4)
we obtain then the following general form for Γ(PV γγ):

Γ(PV γγ)
µνρ (k1, k2) =A1(k1µk1νk1ρ + k2µk2νk2ρ) +A2(k1µk1νk2ρ + k2µk2νk1ρ)

+A3(k1µk2νk1ρ + k1µk2νk2ρ) +A4(k2µk1νk1ρ + k2µk1νk2ρ)

+A5(gµνk1ρ + gµνk2ρ) +A6(gµρk1ν + gνρk2µ) +A7(gνρk1µ + gµρk2ν) ,

(B.7)

with coefficient functions

Aj = Aj(k
2
1, (k1 + k2)

2) , j = 1, . . . , 7 . (B.8)

Imposing gauge invariance we find, using (B.5), the relations

k21A1 + (k1 · k2)A4 +A5 +A6 = 0 ,

(k1 · k2)A1 + k21A3 = 0 ,

k21A2 + (k1 · k2)A4 +A5 = 0 ,

(k1 · k2)A2 + k21A3 +A7 = 0 ,

(k1 · k2)A6 + k21A7 = 0 .

(B.9)

Now we specialise for real photons and assume a general, non-vanishing product of
their 4-momenta,

k21 = k22 = 0 , k1 · k2 6= 0 . (B.10)

This gives

A1 = 0 ,

A6 = 0 ,

A5 = −(k1 · k2)A4 ,

A7 = −(k1 · k2)A2

(B.11)
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and hence the final form for Γ(PV γγ):

Γ(PV γγ)
µνρ (k1, k2) = Â2 [k1µ(k1νk2ρ − (k1 · k2)gνρ) + (k2µk1ρ − (k1 · k2)gµρ)k2ν ]

+ Â3k1µk2ν(k1ρ + k2ρ)

+ Â4(k2µk1ν − (k1 · k2)gµν)(k1ρ + k2ρ) ,

(B.12)

where the remaining coefficient functions depend only on (k1 + k2)
2,

Âj = Aj(0, (k1 + k2)
2) ≡ Âj((k1 + k2)

2) , j = 2, 3, 4 . (B.13)

The replacements k1 → q′ and k2 → −q lead to the vertex function (4.3). Inserting
this in the expression for the Compton amplitude corresponding to the diagram in fig.
4 gives a vanishing result; see (4.4).

We note that this type of vertex function (B.12) would also describe the parity con-
serving decay of a vector particle of spin parity JP = 1− to two real photons. In accord
with the famous Landau-Yang theorem [25, 26], (B.12) gives zero for the corresponding
amplitude. Indeed, consider the decay of such a vector particle

V (k, ε) −→ γ(k1, ε1) + γ(k2, ε2) , (B.14)

where
k21 = k22 = 0 , k = k1 + k2 ,

k2 = m2
V , k · ε = 0 , k1 · ε1 = k2 · ε2 = 0 .

(B.15)

With (B.12) we find then

〈γ(k1, ε1), γ(k2, ε2)|T |V (k, ε)〉 = ε∗µ1 ε
∗ν
2 Γ(PV γγ)

µνρ (k1, k2) ε
ρ = 0 . (B.16)

Note that the Landau-Yang theorem applies to the decay of a massive vector particle to
two photons. In our present discussion, the vector pomeron exchanged in the t-channel
plays the role of the massive vector particle.

In conclusion, the same reasoning which leads to the Landau-Yang theorem shows
that a vector pomeron cannot couple in real Compton scattering. But clearly, the be-
haviour of the total γp absorption cross section as measured shows that the pomeron does
couple in real Compton scattering. The tensor pomeron model describes this coupling
without problems in a satisfactory way; see section 5, figure 5.

C Parametrisation for coupling functions

C.1 Reggeon exchange parametrisation

For the f2R reggeon, which is expected to contribute only at low W and low Q2, the
following assumptions are made:

â2(Q
2) = 0 , (C.1)

b̂2(Q
2) = c2 exp

[
−Q2/d2

]
, (C.2)

with two fit parameters. The parameter c2 describes the magnitude of the f2R reggeon
exchange contribution in photoproduction. The exponential function containing the
parameter d2 > 0 causes the reggeon contribution to vanish rapidly with increasing Q2.
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C.2 Pomeron exchange parametrisation

For the two tensor-pomeron exchanges Pj , j = 0 and j = 1, the functions Q2âj(Q
2) are

parametrised as

Q2âj(Q
2) = aj

Q2

m2
j

(
δj +Q2/m2

j

δj + 1

)−1−δj
. (C.3)

For δj > 0, this function has a maximum at Q2 = m2
j with magnitude aj . For small Q2,

the function increases proportionally to Q2. The parameter δj > 0 defines the power
exponent by which the function drops with large Q2.

The functions b̂j(Q
2) for j = 0 or j = 1 are parametrised with the help of cubic

splines sj with N = 7 knots each. Between two knots, zj,i and zj,i+1, the spline sj(z) is
given by third-order polynomials

sj(z) = Aj,i+Bj,i(z−zj,i)+Cj,i(z−zj,i)2+Dj,i(z−zj,i)3 for zj,i ≤ z ≤ zj,i+1 , (C.4)

with coefficients Aj,i, Bj,i, Cj,i, Dj,i (i = 1, . . . , N − 1) and knot positions zj,i (i =

1, . . . , N). The function b̂j(Q
2) is given by exp[sj(z)] using the argument z = ln((Q2 +

q2j,0)/M
2
0 ) with M0 = 1 GeV. The offset q2j,0 ensures that z is finite for Q2 = 0. The

knot positions zj,i = log((q2j,i + q2j,0)/M
2
0 ) are given using fixed positions in Q2, denoted

q2j,i and ranging from q2j,1 = 0 to q2j,7 = 50 GeV2. The offset is taken to be equal to the

first nonzero position, q2j,0 = q2j,2. For the fit, the 2× 7 function values b̂j(q
2
j,i) are taken

as free parameters. Given j, the 4 × (N − 1) spline parameters Aj,i, Bj,i, Cj,i and Dj,i

are determined from the fit parameters using the usual constraints on the spline to be
continuous up to the second derivatives. The endpoint conditions are chosen such that
the second derivatives of sj(z) vanish for both z = zj,1 and z = zj,7.

For predictions at large Q2, the functions b̂j(Q
2) are continued for Q2 > q2j,N using

the spline properties at the endpoint zj,N ,

b̂j(Q
2) = b̂j(q

2
j,N )

(
Q2 + q2j,0
q2j,N + q2j,0

)nj,N
for Q2 ≥ q2j,N , (C.5)

where nj,N =
dsj
dz

∣∣∣∣
zj,N

. (C.6)

Similarly, for cases where q2j,1 > 0, the function is defined in the region −q2j,0 < Q2 < q2j,1
as

b̂j(Q
2) = b̂j(q

2
j,1)

(
Q2 + q2j,0
q2j,1 + q2j,0

)Bj,0
for − qj,0 < Q2 < q2j,1 . (C.7)

A special case is given by q2j,1 > 0, q2j,0 = 0 and Bj,0 < 0. In this case b̂j(Q
2) → 0

for Q2 → 0. In all cases discussed above, the resulting function b̂j is defined for all
Q2 > −qj,0 and is continuous up to the second derivative over the full allowed Q2 range.
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D Fit procedure

A fit with 25 free parameters is made using the ALPOS package [57], an interface to
Minuit [58]. The goodness-of-fit function is defined as

χ2(h) =
∑
i,j

(
log σHERA

i − log σred(Q2
i , xi, yi;h)

) (
V −1HERA

)
ij

×
(
log σHERA

j − log σred(Q2
j , xj , yj ;h)

)
+
∑
i,j

(
log σPHP

i − log σT (Wi;h)
) (
V −1PHP

)
ij

(
log σPHP

j − log σT (Wi;h)
)
,

(D.1)

where σHERA
i with i = 1, . . . , 525 are measurements of reduced cross sections from

HERA [27] and Q2
i , xi, yi are the corresponding kinematic variables. The prediction

σred(Q2
i , xi, yi;h) depends on the kinematic variables and on the vector h of the 25 fit

parameters. The data covariance matrix includes two types of relative uncertainties,
point-to-point uncorrelated, ui, and point-to-point correlated from a source k, cki. The
elements of the resulting covariance matrix are (VHERA)ij = δij(ui)

2 +
∑

k ckickj , where
δij is the Kronecker symbol. There are 169 sources k of correlated uncertainties in the
HERA data.

A total of 36 photoproduction data points are included in a similar manner. The
measurements are denoted σPHP

i with i = 1, . . . , 36 and the corresponding energies are
Wi. The predictions are σT (Wi;h). The covariance matrix V −1PHP receives uncorrelated
and correlated contributions in analogy to the HERA data discussed above. There
are two photoproduction measurements from H1 and ZEUS at high W [28, 29] and
four astroparticle measurements at intermediate W [30]. These six data points are not
correlated to the other data points. The 30 low-W data points from Fermilab [31] have
a single correlated contribution in addition to their uncorrelated uncertainties, a 0.7%
normalisation uncertainty.

The function χ2(h) is minimised with respect to h to estimate the parameters. For
the fit parameters, asymmetric experimental uncertainties are obtained using the MINOS
[58] algorithm. For all other quantities shown in this paper, uncertainties are determined
as follows. The HESSE algorithm [58] determines the symmetric covariance matrix
V of the parameter vector h at the minimum ĥ of the log-likelihood function. Using
an eigenvalue decomposition, the matrix V is written in terms of dyadic products of
orthogonal uncertainty vectors δhi, V =

∑
i δhi δh

T
i . Asymmetric uncertainties, +∆fup

and −∆fdn, of a generic quantity f(h) are then estimated as follows:

∆fup =

√∑
i

(
max

[
f(ĥ+ δhi), f(ĥ− δhi)

]
− f(ĥ)

)2
, (D.2)

∆fdn =

√∑
i

(
min

[
f(ĥ+ δhi), f(ĥ− δhi)

]
− f(ĥ)

)2
. (D.3)

The uncertainties obtained in this way are termed ’Hessian uncertainties’ or ’one stan-
dard deviations’ in this paper.
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fit parameter result

ε0 0.3008(+73
−84)

ε1 0.0935(+76
−64)

α2(0) 0.485(+88
−90)

log(c2/GeV−1) −0.38(+36
−35)

log(d2/GeV−2) −1.35(+34
−35)

log(a0/GeV−1) −6.95(+29
−25)

log(m2
0/GeV2) 1.41(+27

−31)

log(δ0) 0.92(+24
−26)

log(a1/GeV−1) −3.92(+18
−20)

log(m2
1/GeV2) −0.31(+20

−19)

log(δ1) 1.72(+59
−48)

fit parameter result

log(b̂0(0 GeV2)/GeV−1) −14.2(+30
−39)

log(b̂0(0.3 GeV2)/GeV−1) −7.02(+69
−87)

log(b̂0(1 GeV2)/GeV−1) −4.83(+15
−16)

log(b̂0(3 GeV2)/GeV−1) −5.09(11)

log(b̂0(10 GeV2)/GeV−1) −5.669(+99
−101)

log(b̂0(25 GeV2)/GeV−1) −6.268(+89
−91)

log(b̂0(50 GeV2)/GeV−1) −6.899(+78
−80)

log(b̂1(0 GeV2)/GeV−1) −1.017(+56
−57)

log(b̂1(0.02 GeV2)/GeV−1) −0.874(+91
−89)

log(b̂1(0.08 GeV2)/GeV−1) −1.032(+71
−75)

log(b̂1(0.4 GeV2)/GeV−1) −1.574(+48
−47)

log(b̂1(2 GeV2)/GeV−1) −2.871(+34
−33)

log(b̂1(10 GeV2)/GeV−1) −4.668(70)

log(b̂1(50 GeV2)/GeV−1) −7.87(29)

Table 4: Parameters obtained in the fit to HERA DIS and photoproduction data. The
uncertainties on the least significant digits, determined using the MINOS algorithm, are
indicated in brackets. Here log is understood as the natural logarithm, that is, to base
e.

E Fit results

The goodness-of fit found after minimizing and the partial χ2 numbers calculated for
individual data sets are summarised in table 3. An acceptable fit probability of 6% is
observed. There is no single dataset which contributes much more than expected to
χ2. The resulting 25 parameters at the minimum are summarised in table 4 with their
MINOS uncertainties. For technical reasons, most fit parameters actually are defined
as the logarithm of the corresponding physical quantity. The intercept parameter ε1 =
0.0935(+76

−64) of the soft pomeron exchange is compatible with independent extractions, for
example with measurements of the pomeron trajectory from hadronic reactions (see [4]
for a review) and from ρ photoproduction data [59]. The spline coefficients characterizing
the functions b̂j are summarised in table 5, with their Hessian uncertainties (cf. (D.2),

(D.3)). The coupling functions âj(Q
2), Q2âj(Q

2) and b̂j(Q
2) are shown in figures 12 to

15. The âj are not constrained very well by the data. The function â0 is poorly known
at low Q2 . 2 GeV2, while â1 has large uncertainty at large Q2 & 5 GeV2. The functions
b̂j are much better constrained by data. The coupling function b̂1 of the soft pomeron
is well measured over the whole kinematic range investigated here. The determination
of the coupling function b̂0 of the hard pomeron suffers from increasing experimental
uncertainties at very low Q2 . 0.3 GeV2. In that kinematic region the DIS cross section
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i q20,i A0,i B0,i C0,i D0,i

1 0 GeV2 −14.2(39) 12.0(61) 0 −3.5(22)

2 0.3 GeV2 −7.0(12) 6.9(31) −7.4(46) 2.7(22)

3 1 GeV2 −4.83(48) 0.37(46) −1.09(66) 0.43(30)

4 3 GeV2 −5.09(36) −0.55(20) 0.11(23) −0.060(90)

5 10 GeV2 −5.67(30) −0.54(12) −0.10(13) −0.041(61)

6 25 GeV2 −6.27(25) −0.822(78) −0.210(90) 0.102(44)

7 50 GeV2 n0,7 = −0.967(73)

i q21,i A1,i B1,i C1,i D1,i

1 0 GeV2 −1.02(18) 0.29(47) 0 −0.17(27)

2 0.02 GeV2 −0.87(26) 0.04(12) −0.35(57) 0.13(30)

3 0.08 GeV2 −1.03(24) −0.28(22) 0.01(27) −0.056(83)

4 0.4 GeV2 −1.57(16) −0.59(11) −0.23(12) 0.053(45)

5 2 GeV2 −2.87(12) −0.925(84) 0.02(11) −0.090(58)

6 10 GeV2 −4.67(21) −1.55(24) −0.41(20) 0.085(42)

7 50 GeV2 n1,7 = −2.21(52)

Table 5: Spline parameters characterizing the coupling functions b̂j obtained in the fit
to HERA and photoproduction data; see (C.4). The Hessian uncertainties on the two
least significant digits are indicated in brackets. The quantities n0,7 and n1,7 determine

the large-Q2 behaviour of the coupling functions b̂0(Q
2) and b̂1(Q

2), respectively, in the
extrapolation region Q2 ≥ 50 GeV2; see (C.5) and (C.6).
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is governed by the soft contribution in the experimentally accessible W range.
It is interesting to observe that the two functions b̂j each reach a maximum at some

positive Q2 as shown in figure 15. For b̂0 the maximum is at Q2 = 1.27 (+29
−30) GeV2

with amplitude b̂0 = 0.0082 (+39
−36) GeV−1. For b̂1 it is at Q2 = 0.0225 (+57

−59) GeV2 with

amplitude b̂1 = 0.42 (11) GeV−1. However, experimental data are sparse in the vicinity
of the maximum of b̂1, so the experimental evidence for such a maximum is not very
strong. From the theory point of view such a behaviour of b̂0(Q

2) and b̂1(Q
2) is easy to

understand. b̂0(Q
2) is essentially zero at Q2 = 0 and must fall with Q2 for large Q2; see

(3.9). Thus it must have a maximum somewhere and it is reasonable that this comes out
in the Q2 ≈ 1 GeV2 region. For b̂1(Q

2) we observe that it governs σT + σL for small Q2;
see (3.7), (3.8). But σL starts proportional to Q2 for Q2 increasing from zero. For larger
Q2 the soft contribution to σT + σL will fall with Q2 increasing. Thus, if the initial rise
with Q2 in σL is not immediately compensated by a fall in σT we expect a maximum
for b̂1(Q

2).
The fit results shown in table 4 indicate that the hard pomeron contribution to the

photoproduction cross section, proportional to b̂0(Q
2 = 0), is compatible with zero,

such that there is no evidence for a non-zero contribution of the hard component to the
photoproduction cross section in the energy range investigated here. We further observe
that the f2R reggeon contributes visibly only to the low-W photoproduction data.

A comparison of the fit results to photoproduction data is shown in figure 5. The
data are well described by the fit.

F Alternative fits

In this section, alternative fits are studied. In this way we want to check the stability of
our results under changes of the assumptions entering the fits.

F.1 Fit with xFitter

To cross-check the results obtained with the nominal fit discussed in the main text, a fit
using the xFitter package [60, 61] is performed. For this purpose, the tensor pomeron
model, as described in this paper, has been implemented and will be included in future
releases of the package. Similarly to the nominal analysis, the Q2 dependence of the
b̂j(Q

2) functions is parametrised using cubic spline functions, however with five instead
of seven knots compared to the nominal fit. Due to the reduced number of spline knots,
the total number of free parameters is 21 instead of 25 for the nominal fit.

The fit is performed to the same data sample, with the same kinematic cuts as in
the nominal analysis. The goodness-of-fits function is taken as in [27], which differs
from the one given in equation (D.1) in the treatment of statistical uncertainties, that
are considered to follow Poisson distribution. Given that for the fitted phase space the
statistical uncertainties are small compared to the systematic ones, this difference should
have a small impact on the result. The minimisation is performed using Minuit [58] while
the evaluation of uncertainties uses an improved method introduced in [62].

The fit yields results comparable to the nominal analysis. The quality of the fit is
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fit parameter result

ε0 0.3067(71)

ε1 0.0831(70)

α2(0) 0.394(78)

Table 6: Parameter values obtained in an alternative xFitter fit for the pomeron intercept
parameters and the reggeon intercept.

good with χ2/NDF = 595/(561 − 21), corresponding to a p-value of 5%. The values of
the main parameters are summarised in table 6. They are similar to the nominal fit.

F.2 Fit without hard pomeron in photoproduction

The nominal fit with 25 parameters indicates that the hard component b̂0(Q
2) vanishes

for Q2 → 0. A fit is performed where the spline knot at Q2 = 0 is moved to q201 =
0.1 GeV2 and the offset is set to zero, q200 = 0. In the region below the new first knot
q201, the function b̂0(Q

2) is extrapolated using equation (C.7). For Q2 = 0 it is set to
zero. This fit results in a goodness-of-fit χ2 = 587.90, very similar to that of the default
25-parameter fit presented in table 3. There is no significant change to any of the fit
parameters.

F.3 Studies of the ratio R

The ratio R determined in the 25-parameter fit is found to be above 0.4 in a range of Q2

from about 1 GeV2 to about 10 GeV2. The magnitude of R is strongly correlated to the
parameters describing the functions âj(Q

2). However, there are also correlations to other
parameters, most notably to the slopes εj . Fits with fixed ε0 or ε1 have been performed
to study the impact on χ2 and R; see fig. 17. The scans cover large parameter ranges
with a goodness-of-fit up to and above χ2 = 600, corresponding to parameter variations
by more than three standard deviations. The resulting R, however, is not affected by
so much. Thus, with all necessary caution, we think we can say that the HERA data,
fitted with our two-pomeron model, prefer a relatively large value for R in the above Q2

range.
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