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Introduction
Examples of high-energy soft reactions:
• elastic scattering

p + p→ p + p

p̄ + p→ p̄ + p

π + p→ π + p

• photoproduction

γ + p→ ρ0 + p

γ + γ → ρ0 + ρ0

• central production

p + p→ p + meson + p
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√
s→∞ ,

√
|t| ≤ 1 GeV

In QCD: neither pure short nor pure long distance regime,
difficult to treat.

The physics of exchanges, regge regime. Exchange objects:
pomeron P
reggeons f2R, a2R, ωR, ρR

odderon (?) O

• Our aim is to give simple rules, compatible with QFT, for
calculating such exchange amplitudes.
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Examples:

• p + p −→ p + p

• γ + p −→ ρ0 + p
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We need a list of effective propagators and vertices:
P propagator, Ppp vertex etc.

We tried to make a marriage between QFT and Regge theory.

Unexpected results:
• P as an effective rank-two tensor exchange.
• Relations between particle-particle-particle and

reggeon-particle-particle vertices.
• Insight into the meaning of the vector-meson-dominance

(VMD) relations.
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The tensor pomeron
Example: pp and p̄p scattering
Starting point: standard Donnachie-Landshoff (DL) pomeron

effective vectorial
exchange

s = (p1 + p2)2 , t = (p1 − p′1)2 , αP(t) = 1 + εP + α′Pt

εP = 0.0808 , α′P = 0.25 GeV−2
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The DL pomeron is very successful, but there are problems. An
effective vectorial exchange gives opposite sign for pp and p̄p
amplitudes. But P exchange must give same sign.

In other words: P exchange has charge conjugation C = +1
and not C = −1 as a vectorial exchange. Cure “by hand”
changing signs of certain amplitudes? Difficult to impossible for
more complicated reactions!
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Our solution: P as an effective tensor exchange

A tensor, like in gravity, couples equally to particles and
antiparticles.
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At high energies we get, with suitable coupling factors,

〈p(1′), p(2′)|T|p(1), p(2)〉|P =

〈p̄(1′), p(2′)|T|p̄(1), p(2)〉|P =

i
[
3βPNNF1(t)

]2
(−isα′P)αP(t)−12s δλ′

1λ1
δλ′

2λ2

βPNN = 1.87 GeV−1 , F1(t) form factor

This is the same result as for the DL pomeron. But now the
relative sign between pp and p̄p is correct automatically.
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• Effective PNN vertex and P propagator:

Tensor pomeron Pµν = Pνµ , P
µ
µ = 0.
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Effective propagators and vertices for C = 1 & C = −1
exchanges

Our aim: give a list of propagators & vertices.
If you want to calculate the amplitude for a specific process, e.g.

γ + p→ ρ0 + p

proceed as follows:

• draw the relevant diagrams
• combine propagators and vertices
• get a result fitting the data perfectly!?
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Some highlights from our list:

• all C = 1 exchanges, P, f2R, a2R, are represented as
rank-two-tensor exchanges.
• all C = −1 exchanges, O (?), ωR, ρR, are represented as

vectorial exchanges. Example: ωR
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• inclusion of photons using vector meson dominance, VMD

No gauge invariance problems using our QFT vertices!

• relations between particle-particle-particle and
reggeon-particle-particle vertices.

Example:
f2ππ f2Rππ
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−i
gf2ππ

2M0

[
(k1 − k2)κ(k1 − k2)λ

− 1
4

gκλ(k1 − k2)2]

M0 = 1 GeV

gf2ππ = 9.26± 0.15

from Γ(f2 → ππ)

−i
gf2Rππ

2M0
FM
[
(k′ − k)2]

[
(k′ + k)κ(k′ + k)λ

− 1
4

gκλ(k′ + k)2]

gf2Rππ = 9.30

from σtot(π
±p)
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Photoproduction of π+π− pairs

γ(q) + p(p)→ π+(k1) + π−(k2) + p(p′)

Many exchanges, both with C = +1 and C = −1, contribute.

• Our aim: construct a model amplitude allowing to calculate
all distributions including asymmetries due to C = +1 and
C = −1 exchanges.

• The reaction can be studied e.g. with HERA data and may
be used to look for odderon effects
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There are many diagrams. It is essential to have a model where
charge conjugation properties and gauge invariance are
automatically correct.

We can calculate all distributions and asymmetries in our model
with parameters to be fixed by experiment.

Examples as given in JHEP 1501, 151 (2015)
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Figure 3. The total cross section σ (γp→ π+π−p) as a function of the center-of-mass energy Wγp.

The cross section is integrated over 2mπ ≤ mπ+π− ≤ 1.5 GeV and −1 GeV2 ≤ t ≤ 0. The full

model and individual contributions from vector meson production, non-resonant processes, and f2
production are shown. The reggeon contributions comprise f2R and a2R in case of vector meson,

and ρR and ωR in case of f2 production. High energy data for σ
(
γp→ ρ0p

)
from H1 [17] and ZEUS

[16, 18] at HERA as well as fixed target data, referenced in [18], are shown for illustration.

enlarged for the ρ mass region. The differential cross sections are shown for Wγp = 30 GeV

integrated in the range −1 GeV2 ≤ t ≤ 0. The contributions of various subclasses of

diagrams are also shown as well as the dominant contributions from interferences in the

ρ mass region. The resonance structure of the ρ peak is clearly visible. Note that the

shape of the ρ(770) peak from the diagrams of figure 1(a) alone is rather symmetric. The

skewing of the ρ shape caused by the interference of the diagrams of figures 1(a) and 1(e),(f)

(non-resonant contributions) is clearly exposed. We see here the Drell-Söding mechanism

[53–55] at work. Note that the skewing depends crucially on the choice of the ρ form factor

parameterisation, which was here implemented according to equation (B.85). Furthermore,

the effect of the ρ–ω interference, the steep falloff at the top of the ρ0 peak, is clearly visible.

In the mass region of the ρ′ meson, 1.2 GeV . mπ+π− . 1.6 GeV, a distortion of

the skewed ρ line-shape due to the interference of the ρ′ diagram in figure 1(a), and to a

lesser extent the f2 diagrams in figures 1(b, c, d), with the ρ meson and the non-resonant

contribution is visible. However, clear resonance peaks in the mπ+π− distribution due to

f2 and ρ′ do not show up for the chosen default parameters.
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Figure 4. The differential cross section dσ/dt (γp→ π+π−p) as function of |t|. The cross section is

integrated over the range 2mπ ≤ mπ+π− ≤ 1.5 GeV and given for fixed Wγp = 30 GeV. In addition

to the full model results also contributions from the main diagrams are shown, see figure 3 for

explanations.

3.2 Angular distributions

In the following we study the pion angular distribution in the π+π− rest system. For

illustration we choose as reference system here the proton-Jackson system, see figure 10

in appendix A, in which the polar angle θk1,p of the π+ is measured with respect to the

incoming proton direction. This and other reference systems are discussed in detail in

appendix A. As the decay-angle distribution is mass dependent and mainly driven by the

spin of the resonance in case of decays we study the angular distribution in the ρ and the

f2 mass regions separately.

In figure 6(a) the differential distribution dσ/d cos θk1,p (γp→ π+π−p) in the ρ mass

region, 0.45 GeV ≤ mπ+π− ≤ 1.1 GeV, is shown as function of cos θk1,p. The distribution

shows a typical ∝ sin2 θk1,p behaviour as is expected for photo-produced vector mesons if

(approximate) s-channel helicity conservation [60] holds.1 (For the general formalism of

helicity amplitudes in this context see [61, 62].)

In figure 6(b) the same distribution is shown in the f2 mass region 1.1 GeV ≤ mπ+π− ≤
1.35 GeV. In addition to the dominant ρ contribution, which exhibits again the typical

∝ sin2 θk1,p behaviour, the small f2 contributions show more features in the angular distri-

1Strictly speaking, s-channel helicity conservation should be discussed in the helicity system (see ap-

pendix A) which for small t is very close to the proton-Jackson system.
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Figure 5. Differential cross sections dσ/dmπ+π− (γp→ π+π−p) as function of mπ+π− for fixed

Wγp = 30 GeV and integrated over the range −1 GeV2 ≤ t ≤ 0. (a) The full model, non-resonant

contributions and the contributions from the resonances ρ0(770), ω(782), f2(1270) and ρ′(1450)

are shown. (b) Dominant contributions in the ρ mass region including the leading interferences of

ρ0(770) with the non-resonant π+π− production and the ω(782) meson are shown.

bution as it is expected for a J = 2 resonance. The interference of the C-even and C-odd

exchange contributions leads to a small asymmetry of the cos θk1,p distribution as shown

in figure 6(c). This asymmetry comes dominantly from the interference between the ρ

and f2 production diagrams. The asymmetry is partially cancelled by the interference of

the f2 resonance with non-resonant π+π− production but a net asymmetry remains if all

diagrams are included. The resulting charge asymmetries are discussed in more detail in

the following.

3.3 Charge asymmetries

Let us now turn to asymmetries in the π+π− rest system. As already noted in section 2

the interference of diagrams with exchange of C = +1 and C = −1 objects is signalled by

an asymmetry under

k1 → −k1 ; (3.2)

see the discussion following (2.7) and (2.27).

We note first that P-invariance tells us that the distributions of the π+ momentum

must be symmetric under a reflection on the reaction plane, which in the π+π− system

is given by the plane spanned by the momenta of the incoming proton and the outgoing

proton. We turn, therefore, to charge asymmetries which are defined with respect to

specific directions (axes) in the reaction plane. In the literature many different definitions

of reference systems can be found, which are used to study asymmetries. A summary of

the different definitions is given in appendix A.

We start our discussion of charge asymmetries in the proton-Jackson system, for which

the θk1,p distributions were shown in the previous section. It is convenient to define a θk1,p

– 14 –
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using the definitions

σ± =

∫ 1

0

dσ

d cos θk1,p
(± cos θk1,p) d cos θk1,p . (3.5)

In figure 7(a) the total charge asymmetry defined in the proton-Jackson system is

shown as function of the invariant mass of the π+π− system. A negative asymmetry of

a few percent is visible in the f2 resonance region for the chosen parameter values. This

asymmetry is mainly due to the interference of the f2 resonance with the high mass tail of

the ρ resonance. For higher masses, mπ+π− > 1.35 GeV, an asymmetry with opposite sign

is visible in the model, which is mainly due to the interference of the f2 resonance with

the non-resonant π+π− production with C = +1 pomeron exchange. Another but smaller

positive asymmetry is visible just above the π+π− production threshold which is mainly

due to the interference of C = +1 and C = −1 exchange diagrams of non-resonant π+π−

production.
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Figure 7. Total charge asymmetry Atot (3.4) in the proton-Jackson system as function of the

(a) invariant mass of the π+π− system and (b) squared momentum transfer t. The asymmetries

are presented for fixed Wγp = 30 GeV and (a) integrated over the range −1 GeV2 ≤ t ≤ 0 and

(b) integrated over the range 1.1 GeV < mπ+π− < 1.35 GeV. The individual contributions to the

asymmetries from photon (Primakoff) and odderon exchange are shown by the green dashed-dotted

and blue dashed lines, respectively.

We are particularly interested in the asymmetry contribution from the odderon. In

figure 7(b) the total charge asymmetry is shown as function of t in the f2 mass region

1.1 GeV ≤ mπ+π− ≤ 1.35 GeV. A small negative asymmetry, almost constant in t, is

generated by the Primakoff contribution. In contrast, a strong increase of the absolute

value of the negative charge asymmetry approximately linear in |t| is predicted by odderon

exchange with the chosen model parameters. As most events are located at low |t|, the

experimental sensitivity to the odderon exchange diagram can be significantly enhanced

by requiring a minimum |t|-cut, or better by measuring the approximately linear increase

of the absolute value of the charge asymmetry as function of |t|.
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Conclusions
• We outlined a model for high-energy soft reactions based

on QFT plus elements of Regge theory. We give a list of
propagators and vertices.
• C = +1 exchanges, P, f2R, a2R, are represented as tensors

of rank 2.
• C = −1 exchanges, O(?), ωR, ρR, are represented as

vectors.
• Comparisons with data would be most welcome:

ISR, UA1, UA2, FNAL, HERA, LHC, COMPASS, RHIC
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• The model allows to calculate cross sections and
distributions of soft reactions in terms of just a few coupling
parameters.
• Central production: result available for

p + p→ p + M + p , M = 0++ and 0−+ mesons

scalars (0++) : f0(980), f0(1370), f0(1500),

pseudoscalars (0−+) : η , η′(958).

p + p→ p + π+ + π− + p, “photoproduction′′contribution

• diffractive dissociation:

p + p→ p + X : work in progress,

• DIS
γ∗ + p→ γ∗ + p : work in progress.
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Central production of 0++ meson M and 0−+ mesons M̃

M = f0(980), f0(1370), f0(1500)

M̃ = η, η′(958)
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effective coupling Lagrangians (M0 ≡ 1 GeV)

LPPM = M0g′PPMPµν(x)Pµν(x)χM(x)

+
1

2M0
g
′′
PPM

[
∂µPνρ(x)− ∂νPµρ(x)

][
∂µPνρ(x)− ∂νPµρ(x)

]
χM(x)

L
PPM̃ = − 2

M0
g′
PPM̃

[
∂ρPµν(x)

][
∂σPκλ(x)

]
gµκενλρσχM̃(x)

− 1
M3

0
g
′′
PPM̃ε

µ1µ2ν1ν2
[
∂µ1χM̃(x)

][
∂µ3Pµ4ν1(x)− ∂µ4Pµ3ν1(x)

] ↔
∂ µ2

[
∂µ3P

µ4
ν2

(x)− ∂µ4P
µ3
ν2

(x)
]
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• Fits to data from WA102,
√

s = 29.1 GeV, have been made
and are O.K., determine coupling parameters.
• Do the same coupling parameters fit LHC data at

√
s = 1 to

13 TeV?
Absorption effects, gap survival factors?
• Which distributions are accessible at LHC?
• Central production of φ and J/ψ and odderon search:
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• Open problems:

- Absorption
- Inclusion of strange particles?
- Form factors?
- Closer connection with QCD?
- General comparison of the model with data on soft

high-energy reactions.
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