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We explore the possibility of observing odderon exchange in the pp → ppKþK− and pp → ppμþμ−

reactions at the LHC. We consider the central exclusive production (CEP) of the ϕð1020Þ resonance
decaying into KþK− and μþμ−. We compare the purely diffractive contribution (odderon-Pomeron fusion)
to the photoproduction contribution (photon-Pomeron fusion). The theoretical results are calculated within
the tensor-Pomeron and vector-odderon model for soft reactions. We include absorptive corrections at the
amplitude level. In order to fix the coupling constants for the photon-Pomeron fusion contribution we
discuss the reactions γp → ωp and γp → ϕp including ϕ-ω mixing. We compare our results for these
reactions with the available data, especially those from HERA. Our coupling constants for the Pomeron-
odderon-ϕ vertex are taken from an analysis of the WA102 data for the pp → ppϕ reaction. We show that
the odderon-exchange contribution significantly improves the description of the pp azimuthal correlations
and the dPt “glueball-filter variable” dependence of ϕ CEP measured by WA102. To describe the low-
energy data more accurately we consider also subleading processes with Reggeized vector-meson
exchanges. However, they do not play a significant role at the LHC. We present predictions for two
possible types of measurements: at midrapidity and with forward measurement of protons (relevant for
ATLAS-ALFA or CMS-TOTEM), and at forward rapidities and without measurement of protons (relevant
for LHCb). We discuss the influence of experimental cuts on the integrated cross sections and on various
differential distributions. With the corresponding LHC data one should be able to get a decisive answer
concerning the presence of an odderon-Pomeron fusion contribution in single ϕ CEP.
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I. INTRODUCTION

So far there is no unambiguous experimental evidence for
the odderon (O), the charge conjugationC ¼ −1 counterpart
of the C ¼ þ1 Pomeron (P), introduced on theoretical
grounds in [1,2] and predicted in QCD as the exchange
of a colorless C-odd three-gluon compound state [3–7]. A
hint of the odderon was seen in Intersecting Storage Rings
results [8] as a small difference between the differential
cross sections of elastic proton-proton (pp) and proton-
antiproton (pp̄) scattering in the diffractive dip region atffiffiffi
s

p ¼ 53 GeV. The interpretation of this difference is,

however, complicated due to non-negligible contribu-
tions from secondary Reggeons. Recently the TOTEM
Collaboration has published data from high-energy elastic
proton-proton scattering experiments at the LHC. In [9]
results were given for the ρ parameter, the ratio of real to
imaginary part of the forward scattering amplitude. This is a
measurement at t ¼ 0. In [10] the differential cross section
dσ=dt was measured for 0.36GeV2< jtj<0.74GeV2. The
interpretation of these results is controversial at themoment.
Some authors claim for instance that the ρ measurements
show that there must be an odderon effect at t ¼ 0 [11,12].
But other authors find that no odderon contribution is needed
at t ¼ 0 [13–17]. For a general analysis ofpp andpp̄ elastic
scattering see, e.g., [18,19].
As was discussed in [20] exclusive diffractive J=ψ

and ϕ production from the Pomeron-odderon fusion in
high-energy pp and pp̄ collisions is a direct probe for
a possible odderon exchange. The photoproduction
mechanism (i.e., Pomeron-photon fusion) constitutes a
background for Pomeron-odderon exchanges in these
reactions. Other sources of background involve secondary
Reggeon exchanges, for instance Pomeron-(ϕR Reggeon)
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exchanges. Exclusive production of heavy vector mesons,
J=ψ and ϒ, from the Pomeron-odderon and the Pomeron-
photon fusion in the pQCD kt-factorization approach was
discussed in [21]. The exclusive pp → ppϕ reaction via
the (pQCD-Pomeron)-photon fusion in the high-energy
corner was studied in [22]; see also [23] for the exclusive
photoproduction of charmonia J=ψ and ψ 0 and [24] for the
exclusive ω production.
A possible probe of the odderon is photoproduction of

C ¼ þ1 mesons [25,26]. At sufficiently high energies only
odderon and photon exchange contribute to these reactions.
Photoproduction of the pseudoscalars π0, η, η0, ηc, and of
the tensor f2ð1270Þ in ep scattering at high energies was
discussed in [27–31]. For exclusive ηc photoproduction
within the high-energy framework of eikonal dipole scat-
tering see [32]. In [33,34] a probe of the perturbative
odderon in the quasidiffractive process γ�γ� → ηcηc was
studied.
Another interesting possibility is to study the charge

asymmetry caused by the interference between Pomeron
and odderon exchange. This was discussed in diffractive cc̄
pair photoproduction [35], in diffractive πþπ− pair photo-
production [36–39], and in the production of two pion pairs
in photon-photon collisions [40]. However, so far in no one
of the exclusive reactions a clear identification of the
odderon was found experimentally. For a more detailed
review of the phenomenological and theoretical status of
the odderon we refer the reader to [41,42]. In this context
we would also like to mention the EMMI workshop on
“Central exclusive production at the LHC” which was held
in Heidelberg in February 2019. There, questions of odd-
eron searches were extensively discussed. Corresponding
remarks and the link to the talks presented at this workshop
can be found in [43].
Recently, the possibility of probing the odderon in

ultraperipheral proton-ion collisions was considered
[44,45]. In [46] the measurement of the exclusive ηc
production in nuclear collisions was discussed. The sit-
uation of the odderon in this context is also not obvious and
requires further studies.
In [47] the tensor-Pomeron and vector-odderon concept

was introduced for soft reactions. In this approach, the C ¼
þ1 Pomeron and the Reggeons Rþ ¼ f2R; a2R are treated
as effective rank-2 symmetric tensor exchanges while the
C ¼ −1 odderon and the Reggeons R− ¼ ωR; ρR are
treated as effective vector exchanges. For these effective
exchanges a number of propagators and vertices, respecting
the standard rules of quantum field theory, were derived
from comparisons with experiments. This allows for an
easy construction of amplitudes for specific processes. In
[48] the helicity structure of small-jtj proton-proton elastic
scattering was considered in three models for the Pomeron:
tensor, vector, and scalar. Only the tensor ansatz for the
Pomeron was found to be compatible with the high-energy
experiment on polarized pp elastic scattering [49]. In [50]

the authors, using combinations of two tensor-type
Pomerons (a soft one and a hard one) and the Rþ-
Reggeon exchange, successfully described low-x deep-
inelastic lepton-nucleon scattering and photoproduction.
Applications of the tensor-Pomeron and vector-odderon

ansatz were given for photoproduction of pion pairs in [39]
and for a number of central-exclusive-production (CEP)
reactions in proton-proton collisions in [51–59]. Also
contributions from the subleading exchanges, Rþ and
R−, were discussed in these works. As an example, for
the pp → pppp̄ reaction [56] the contributions involving
the odderon are expected to be small since its coupling
to the proton is very small. We have predicted asymmetries
in the (pseudo)rapidity distributions of the centrally pro-
duced antiproton and proton. The asymmetry is caused by
interference effects of the dominant ðP;PÞ with the
subdominant (OþR−, Pþ Rþ) and (PþRþ, OþR−)
exchanges. We find for the odderon only very small effects,
roughly a factor 10 smaller than the effects due to
Reggeons.
In this paper we consider the possibility of observing

odderon exchange in the pp → ppϕ, pp → ppðϕ →
KþK−Þ, and pp → ppðϕ → μþμ−Þ reactions in the light
of our recent analysis of the pp → ppϕϕ reaction [58]. In
the diffractive production of ϕ meson pairs it is possible to
have Pomeron-Pomeron fusion with intermediate t̂=û-
channel odderon exchange. Thus, the pp → ppϕϕ reac-
tion is a good candidate for the odderon-exchange searches,
as it does not involve the coupling of the odderon to the
proton. By confronting our model results, including the
odderon, the Reggeized ϕ exchange, and the f2ð2340Þ
resonance exchange contributions, with the WA102 data
from [60] we derived an upper limit for the POϕ coupling.
Taking into account typical kinematic cuts for LHC experi-
ments in the pp → ppϕϕ → ppKþK−KþK− reaction we
have found that the odderon exchange contribution should
be distinguishable from other contributions for large
rapidity distance between the outgoing ϕ mesons and in
the region of large four-kaon invariant masses. At least, it
should be possible to derive an upper limit on the odderon
contribution in this reaction.
Here we will try to understand the pp → ppϕ reaction at

relatively low center-of-mass energy
ffiffiffi
s

p ¼ 29.1 GeV by
comparing our model results with the WA102 experimental
data from [61]. We shall calculate the photoproduction
mechanism. For this purpose we have to consider also low-
energy photon-proton collisions in the γp → ϕp reaction
where the corresponding mechanism is not well established
yet; see, e.g., Refs. [62–71]. Of course, the amplitude
for γp → ϕp cannot be realized by the C ¼ −1 odderon
exchange. In addition to the γ-P-fusion processes we
shall estimate also subleading contributions, e.g., the
γ-pseudoscalar-meson fusion, the ϕ-P fusion, the ω-P
fusion, the ω-f2R fusion, and the ρ-π0 fusion, to determine
their role in the pp → ppϕ reaction. Our aim is to see how

LEBIEDOWICZ, NACHTMANN, and SZCZUREK PHYS. REV. D 101, 094012 (2020)

094012-2



much room is left for the O-P fusion which is the main
object of our studies.
Our paper is organized as follows. In Sec. II we consider

the pp → ppðϕ → KþK−Þ reaction. Section III deals with
μþμ− production. For both reactions we give analytic
expressions for the resonant amplitudes. Section IV con-
tains the comparison of our results for the pp → ppϕ
reaction with the WA102 data. We discuss the role of
different contributions such as γ-P, O-P, ϕ-P, ω-P, and
ω-f2R fusion processes. Then we turn to high energies and
show numerical results for total and differential cross
sections calculated with typical experimental cuts for the
LHC experiments. We discuss our predictions for the
KþK− channel for

ffiffiffi
s

p ¼ 13 TeV. In addition, we present
our predictions for the μþμ− production also at

ffiffiffi
s

p ¼
13 TeV which is currently under analysis by the LHCb
Collaboration. We briefly discuss and/or provide references
to relevant works for the continuum contributions.
Section V presents our conclusions and further prospects.
In Appendices A and B we discuss useful relations and
properties concerning the photoproduction of ω and ϕ
mesons. In the Appendix C we discuss the subleading
processes contributing to pp → ppðϕ → KþK−Þ. We have
collected there some useful formulas concerning details of
the calculations. In Appendix D we give the definition of
the Collins-Soper (CS) frame used in our paper.
In our paper we denote by e > 0 the proton charge. We

use the γ-matrix conventions of Bjorken and Drell [72]. The
totally antisymmetric Levi-Civita symbol εμνκλ is used with
the normalization ε0123 ¼ 1.

II. THE pp → ppϕ → ppK +K − REACTION

Here we discuss the reaction

pðpa; λaÞ þ pðpb; λbÞ → pðp1; λ1Þ þ Kþðp3Þ
þ K−ðp4Þ þ pðp2; λ2Þ; ð2:1Þ

where pa;b, p1;2 and λa;b; λ1;2 ¼ � 1
2
denote the four-

momenta and helicities of the protons and p3;4 denote
the four-momenta of the K mesons, respectively.
The full amplitude of the reaction (2.1) is a sum of

the continuum amplitude and the amplitudes through the
s-channel resonances as was discussed in detail in [57].
Here we focus on the limited dikaon invariant mass region,
i.e., the ϕ≡ ϕð1020Þ resonance region,

1.01 GeV < MKþK− < 1.03 GeV: ð2:2Þ

That is, we consider the reaction

pðpa; λaÞ þ pðpb; λbÞ → pðp1; λ1Þ
þ ½ϕðp34Þ → Kþðp3Þ þ K−ðp4Þ�
þ pðp2; λ2Þ: ð2:3Þ

The kinematic variables are

p34 ¼ p3 þ p4; q1 ¼ pa − p1; q2 ¼ pb − p2;

s ¼ ðpa þ pbÞ2 ¼ ðp1 þ p2 þ p34Þ2;
t1 ¼ q21; t2 ¼ q22;

s1 ¼ ðp1 þ p34Þ2; s2 ¼ ðp2 þ p34Þ2: ð2:4Þ

For high energies and central ϕ production we expect the
process (2.3) to be dominated by diffractive scattering. The
corresponding diagrams are shown in Figs. 1 and 2. That is,
we consider the fusion processes γP → ϕ and OP → ϕ.
For the first process all couplings are, in essence, known.
For the odderon-exchange process we shall use the ansätze
from [47] and we shall try to get information on the
odderon parameters and couplings from the reaction (2.3).
The amplitude for (2.3) gets the following contributions
from these diagrams

ð1ÞMðϕ→KþK−Þ
pp→ppKþK− ¼ MðγPÞ

pp→ppKþK− þMðPγÞ
pp→ppKþK− ; ð2:5Þ

ð2ÞMðϕ→KþK−Þ
pp→ppKþK− ¼ MðOPÞ

pp→ppKþK− þMðPOÞ
pp→ppKþK− : ð2:6Þ

At the relatively low center-of-mass energy of the
WA102 experiment,

ffiffiffi
s

p ¼ 29.1 GeV, we have to include
also subleading contributions with meson exchanges dis-
cussed in Appendix C.
To give the full physical amplitude, for instance, for

the pp → ppKþK− process (2.1) we should include

(a) (b)

FIG. 1. The Born-level diagrams for central exclusive ϕ-meson
photoproduction in proton-proton collisions with the subsequent
decay ϕ → KþK−: (a) photon-Pomeron fusion; (b) Pomeron-
photon fusion.

(a) (b)

FIG. 2. The Born-level diagrams for diffractive production of a
ϕ meson decaying to KþK− in proton-proton collisions with
odderon exchange: (a) odderon-Pomeron fusion; (b) Pomeron-
odderon fusion.
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absorptive corrections to the Born amplitudes. For the
details how to include the pp-rescattering corrections in the
eikonal approximation for the four-body reaction see, e.g.,
Sec. 3.3 of [52,73].
Below, in Table II of Sec. IV B, we give numerical values

for the gap survival factors (“soft survival probability”
factors) denoted as hS2i, the ratios of full (including
absorption) and Born cross sections.
The measurement of forward protons would be useful

to better understand absorption effects. The GENEX

Monte Carlo generator [74,75] could be used in this
context. We refer the reader to [76] where a first cal-
culation of four-pion continuum production in the pp →
ppπþπ−πþπ− reaction with the help of the GENEX code
was performed.

A. γ-P fusion

The Born-level amplitude for the γ-P exchange, see
diagram (a) in Fig. 1, reads

MðγPÞ
pp→ppKþK− ¼ ð−iÞūðp1; λ1ÞiΓðγppÞ

μ ðp1; paÞuðpa; λaÞ
× iΔðγÞμσðq1ÞiΓðγ→ϕÞ

σν ðq1ÞiΔðϕÞνρ1ðq1ÞiΓðPϕϕÞ
ρ2ρ1αβ

ðp34; q1ÞiΔðϕÞρ2κðp34ÞiΓðϕKKÞ
κ ðp3; p4Þ

× iΔðPÞαβ;δηðs2; t2Þūðp2; λ2ÞiΓðPppÞ
δη ðp2; pbÞuðpb; λbÞ: ð2:7Þ

The γpp vertex and the photon propagator are given in [47] by formulas (3.26) and (3.1), respectively. The γ → ϕ
transition is made here through the vector-meson-dominance (VMD) model; see (3.23)–(3.25) of [47]. ΔðPÞ and ΓðPppÞ
denote the effective propagator and proton vertex function, respectively, for the tensorial Pomeron. The corresponding
expressions, as given in Sec. 3 of [47], are as follows

iΔðPÞ
μν;κλðs; tÞ ¼

1

4s

�
gμκgνλ þ gμλgνκ −

1

2
gμνgκλ

�
ð−isα0PÞαPðtÞ−1; ð2:8Þ

iΓðPppÞ
μν ðp0; pÞ ¼ −i3βPNNF1ðtÞ

�
1

2
½γμðp0 þ pÞν þ γνðp0 þ pÞμ� −

1

4
gμνð=p0 þ =pÞ

�
; ð2:9Þ

where t ¼ ðp0 − pÞ2 and βPNN ¼ 1.87 GeV−1. For sim-
plicity we use for the Pomeron-nucleon coupling the
electromagnetic Dirac form factor F1ðtÞ of the proton.
The Pomeron trajectory αPðtÞ is assumed to be of standard
linear form, see, e.g., [77,78],

αPðtÞ ¼ αPð0Þ þ α0Pt; ð2:10Þ

αPð0Þ ¼ 1.0808; α0P ¼ 0.25 GeV−2: ð2:11Þ

Our ansatz for the Pϕϕ vertex follows the one for the
Pρρ in (3.47) of [47] with the replacements aPρρ → aPϕϕ
and bPρρ → bPϕϕ. This was already used in Sec. IV B of
[57]. The Pϕϕ vertex function is taken with the same
Lorentz structure as for the f2γγ coupling defined in (3.39)
of [47]. With k0; μ and k, ν the momentum and vector index
of the outgoing and incoming ϕ, respectively, and κλ the
Pomeron indices the Pϕϕ vertex reads

iΓðPϕϕÞ
μνκλ ðk0; kÞ ¼ iFMððk0 − kÞ2ÞF̃ðϕÞðk02ÞF̃ðϕÞðk2Þ

× ½2aPϕϕΓð0Þ
μνκλðk0;−kÞ− bPϕϕΓ

ð2Þ
μνκλðk0;−kÞ�;

ð2:12Þ

with form factors FM and F̃ðϕÞ and two rank-four tensor
functions,

Γð0Þ
μνκλðk1; k2Þ ¼ ½ðk1 · k2Þgμν − k2μk1ν�

×

�
k1κk2λ þ k2κk1λ −

1

2
ðk1 · k2Þgκλ

�
;

ð2:13Þ

Γð2Þ
μνκλðk1; k2Þ ¼ ðk1 · k2Þðgμκgνλ þ gμλgνκÞ

þ gμνðk1κk2λ þ k2κk1λÞ − k1νk2λgμκ

− k1νk2κgμλ − k2μk1λgνκ − k2μk1κgνλ

− ½ðk1 · k2Þgμν − k2μk1ν�gκλ: ð2:14Þ

For details see Eqs. (3.18)–(3.22) of [47]. In (2.12) the
coupling parameters aPϕϕ and bPϕϕ have dimensions
GeV−3 and GeV−1, respectively. In [57] we have fixed
the coupling parameters of the tensor Pomeron to the ϕ
meson based on the HERA experimental data for the γp →
ϕp reaction [79,80]. However, the ω-ϕ mixing effect was
not taken into account there. In the calculation here we
include the ω-ϕ mixing and we take the coupling param-
eters found in Appendix B.
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The full form of the vector-meson propagator is given by
(3.2) of [47]. Using the properties of the tensorial functions
(2.13) and (2.14), see (3.18)–(3.22) of [47], we can make
for the ϕ-meson propagator the following replacement

ΔðϕÞ
μν ðkÞ → −gμνΔ

ðϕÞ
T ðk2Þ; ð2:15Þ

where we take the simple Breit-Wigner expression, as
discussed in [57],

ΔðϕÞ
T ðsÞ ¼ 1

s −m2
ϕ þ i

ffiffiffi
s

p
ΓϕðsÞ

; ð2:16Þ

ΓϕðsÞ ¼ Γϕ

�
s − 4m2

K

m2
ϕ − 4m2

K

�
3=2 m2

ϕ

s
θðs − 4m2

KÞ: ð2:17Þ

For the ϕKK vertex we have from (4.24)–(4.26) of [57]

iΓðϕKKÞ
κ ðp3; p4Þ ¼ −

i
2
gϕKþK−ðp3 − p4ÞκFðϕKKÞðp2

34Þ
ð2:18Þ

with gϕKþK− ¼ 8.92 and FðϕKKÞ a form factor.
In the hadronic vertices we take into account corre-

sponding form factors. We insert in the Pϕϕ vertex (2.12)
the form factor FMðk2Þ to take into account the extended

nature of ϕ mesons and F̃ðϕÞðk2Þ since we are dealing with
two off-shell ϕ mesons; see (4.27) of [57] and (B.85) of
[39]. Convenient forms are

FMðk2Þ ¼
1

1 − k2=Λ2
0;Pϕϕ

; ð2:19Þ

F̃ðϕÞðk2Þ ¼
�
1þ k2ðk2 −m2

ϕÞ
Λ̃4
ϕ

�−ñϕ
;

Λ̃ϕ ¼ 2 GeV; ñϕ ¼ 0.5: ð2:20Þ

We have F̃ðϕÞð0Þ ¼ F̃ðϕÞðmϕÞ ¼ 1. In (2.19) we take
Λ2
0;Pϕϕ ¼ 1.0 GeV2 (set A) or Λ2

0;Pϕϕ ¼ 4.0 GeV2 (set B);
see Fig. 31 of Appendix B. In practical calculations we
include also in the ϕKK vertex the form factor [see (4.28)
of [57] ]

FðϕKKÞðk2Þ ¼ exp

�−ðk2 −m2
ϕÞ2

Λ4
ϕ

�
; Λϕ ¼ 1 GeV:

ð2:21Þ

Inserting all this in (2.7) we can write the amplitude for
the γP fusion as follows

MðγPÞ
pp→ppKþK− ¼ −ie2ūðp1; λ1Þ

�
γαF1ðt1Þ þ

i
2mp

σαα
0 ðp1 − paÞα0F2ðt1Þ

�
uðpa; λaÞ

×
1

t1

ð−m2
ϕÞ

t1 −m2
ϕ

1

γϕ
ΔðϕÞ

T ðp2
34Þ

gϕKþK−

2
ðp3 − p4ÞβFðϕKKÞðp2

34Þ

× ½2aPϕϕΓð0Þ
βακλðp34;−q1Þ − bPϕϕΓ

ð2Þ
βακλðp34;−q1Þ�F̃ðϕÞðt1ÞF̃ðϕÞðp2

34ÞFMðt2Þ

×
1

2s2
ð−is2α0PÞαPðt2Þ−13βPNNF1ðt2Þūðp2; λ2Þ½γκðp2 þ pbÞλ�uðpb; λbÞ: ð2:22Þ

Here γϕ is the γ-ϕ coupling constant; see (3.23)–(3.25) of [47].
For the Pγ-exchange we have the same structure as for the above amplitude with

ðpðpa; λaÞ; pðp1; λ1ÞÞ ↔ ðpðpb; λbÞ; pðp2; λ2ÞÞ; t1 ↔ t2; q1 ↔ q2; s1 ↔ s2: ð2:23Þ

In the following we shall also consider the single ϕ CEP in pp collisions

pðpa; λaÞ þ pðpb; λbÞ → pðp1; λ1Þ þ ϕðp34; ϵðϕÞÞ þ pðp2; λ2Þ: ð2:24Þ

In (2.24) ϵðϕÞ denotes the polarization vector of the ϕ and we have p2
34 ¼ m2

ϕ. The amplitude for the γP-fusion contribution
to the reaction (2.24) is obtained from (2.7) by making the replacement

iΔðϕÞρ2κðp34ÞiΓðϕKKÞ
κ ðp3; p4Þ → ϵ�ρ2ðϕÞ: ð2:25Þ

The same replacement holds for the Pγ-fusion contribution. Analogous replacements hold for all other diagrams when
going from the reaction (2.3) to (2.24).
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B. O-P fusion

The amplitude for the diffractive production of the
ϕð1020Þ via odderon-Pomeron fusion, see diagram (a) in
Fig. 2, can be written as

MðOPÞ
pp→ppKþK−

¼ ð−iÞūðp1; λ1ÞiΓðOppÞ
μ ðp1; paÞuðpa; λaÞ

× iΔðOÞμρ1ðs1; t1ÞiΓðPOϕÞ
ρ1ρ2αβ

ð−q1; p34Þ
× iΔðϕÞρ2κðp34ÞiΓðϕKKÞ

κ ðp3; p4Þ
× iΔðPÞαβ;δηðs2; t2Þūðp2; λ2ÞiΓðPppÞ

δη ðp2; pbÞuðpb; λbÞ:
ð2:26Þ

Our ansatz for the C ¼ −1 odderon follows (3.16),
(3.17) and (3.68), (3.69) of [47]:

iΔðOÞ
μν ðs; tÞ ¼ −igμν

ηO
M2

0

ð−isα0OÞαOðtÞ−1; ð2:27Þ

iΓðOppÞ
μ ðp0; pÞ ¼ −i3βOppM0F1ððp0 − pÞ2Þγμ; ð2:28Þ

where ηO is a parameter with value ηO ¼ �1;M0 ¼ 1 GeV
is inserted for dimensional reasons; αOðtÞ is the odderon
trajectory, assumed to be linear in t:

αOðtÞ ¼ αOð0Þ þ α0Ot: ð2:29Þ
The odderon parameters are not yet known from experi-
ment. In our calculations we shall choose as default values

αOð0Þ ¼ 1.05; α0O ¼ 0.25 GeV−2: ð2:30Þ
The coupling of the odderon to the proton, βOpp, in (2.28)
has dimension GeV−1. For our study here we shall assume

βOpp ¼ 0.1 βPNN ≃ 0.18 GeV−1; ð2:31Þ
which is not excluded by the data of small-t proton-proton
high-energy elastic scattering from the TOTEM experi-
ment [9,10].
For the POϕ vertex we use an ansatz analogous to the

Pϕϕ vertex; see (3.48)–(3.50) of [58]. We get then with
ð−q1; ρ1Þ and ðp34; ρ2Þ the outgoing oriented momenta and
the vector indices of the odderon and the ϕ meson,
respectively, and αβ the Pomeron indices,

iΓðPOϕÞ
ρ1ρ2αβ

ð−q1; p34Þ ¼ i½2aPOϕΓð0Þ
ρ1ρ2αβ

ð−q1; p34Þ − bPOϕΓ
ð2Þ
ρ1ρ2αβ

ð−q1; p34Þ�
× FðPOϕÞððp34 − q1Þ2; q21; p2

34Þ
¼ i½2aPOϕΓð0Þ

ρ2ρ1αβ
ðp34;−q1Þ − bPOϕΓ

ð2Þ
ρ2ρ1αβ

ðp34;−q1Þ�
× FðPOϕÞðq22; q21; p2

34Þ: ð2:32Þ

Here we use the relations (3.20) of [47] and as in (3.49) of [58] we take the factorized form for the POϕ form factor

FðPOϕÞðq22; q21; p2
34Þ ¼ F̃Mðq22ÞF̃Mðq21ÞFðϕÞðp2

34Þ ð2:33Þ

with the form factors F̃Mðq2Þ as in (2.19),1 but with Λ2
0;Pϕϕ replaced by Λ2

0;POϕ, and FðϕÞðp2
34Þ ¼ FðϕKKÞðp2

34Þ (2.21),

respectively. The coupling parameters aPOϕ, bPOϕ in (2.32) and the cutoff parameter Λ2
0;POϕ in the form factor F̃Mðq2Þ

(2.33) could be adjusted to experimental data; see (4.5)–(4.7) in Sec. IVA below.
The amplitude for the OP fusion can now be written as

MðOPÞ
pp→ppKþK− ¼ −i3βOppM0F1ðt1Þūðp1; λ1Þγαuðpa; λaÞ

×
ηO
M2

0

ð−is1α0OÞαOðt1Þ−1ΔðϕÞ
T ðp2

34Þ
gϕKþK−

2
ðp3 − p4ÞβFðϕKKÞðp2

34Þ

× ½2aPOϕΓð0Þ
βακλðp34;−q1Þ − bPOϕΓ

ð2Þ
βακλðp34;−q1Þ�FðPOϕÞðq22; q21; p2

34Þ

×
1

2s2
ð−is2α0PÞαPðt2Þ−13βPNNF1ðt2Þūðp2; λ2Þ½γκðp2 þ pbÞλ�uðpb; λbÞ: ð2:34Þ

For the PO-exchange we have the same structure as for the above amplitude with the replacements (2.23).

1Here we assume that F̃Mðq21Þ and F̃Mðq22Þ have the same form (2.19) with the same Λ2
0;POϕ parameter. In principle, we could take

different form factors with different Λ2
0 parameters.
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III. THE pp → ppϕ → ppμ+ μ− REACTION

In this section we will focus on the exclusive reaction

pðpa; λaÞ þ pðpb; λbÞ → pðp1; λ1Þ þ ϕðp34Þ þ pðp2; λ2Þ
→ pðp1; λ1Þ þ μþðp3; λ3Þ
þ μ−ðp4; λ4Þ þ pðp2; λ2Þ; ð3:1Þ

where pa;b, p1;2 and λa;b; λ1;2 ¼ � 1
2
denote the four-

momenta and helicities of the protons and p3;4 and λ3;4 ¼
� 1

2
denote the four-momenta and helicities of the muons,

respectively.
The amplitudes for the reaction (3.1) through ϕ reso-

nance production can be obtained from the amplitudes

discussed in Sec. II with iΓðϕKKÞ
κ ðp3; p4Þ replaced by

ūðp4; λ4ÞiΓðϕμμÞ
κ ðp3; p4Þvðp3; λ3Þ. Here we describe the

transition ϕ → γ → μþμ−, see Fig. 3, by an effective vertex

iΓðϕμμÞ
κ ðp3; p4Þ ¼ igϕμþμ−γκ: ð3:2Þ

The standard ϕ-γ coupling (see, e.g., (3.23), (3.24) of
[47]) gives

gϕμþμ− ¼ −e2
1

γϕ
; γϕ < 0: ð3:3Þ

The decay rate ϕ → μþμ− is calculated from the diagram
Fig. 3 (neglecting radiative corrections) as

Γðϕ → μþμ−Þ ¼ 1

12π
jgϕ→μþμ− j2mϕ

×

�
1þ 2m2

μ

m2
ϕ

��
1 −

4m2
μ

m2
ϕ

�
1=2

: ð3:4Þ

From the experimental values [81]

mϕ ¼ ð1019.461� 0.016Þ MeV;

Γðϕ → μþμ−Þ=Γϕ ¼ ð2.86� 0.19Þ × 10−4;

Γϕ ¼ ð4.249� 0.013Þ MeV; ð3:5Þ

we get

Γðϕ → μþμ−Þ ¼ ð1.21� 0.08Þ × 10−3 MeV ð3:6Þ

and using (3.4)

gϕμþμ− ¼ ð6.71� 0.22Þ × 10−3: ð3:7Þ

On the other hand, using (3.3) directly with the standard
range for γϕ quoted in (3.24) of [47], 4π=γ2ϕ ¼ 0.0716�
0.0017, we get

gϕμþμ− ¼ ð6.92� 0.08Þ × 10−3: ð3:8Þ

FIG. 3. Decay of a ϕ meson to μþμ−.
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FIG. 4. The distributions in ϕpp and in yϕ for the ϕ photoproduction processes in the pp → ppϕ reaction at
ffiffiffi
s

p ¼ 29.1 GeV. The data
points have been normalized to the central value for σexp (4.1) from [61]. The results for the photon-Pomeron fusion are presented for the
two parameter sets, set A and set B, as defined in Appendix B, see the caption of Fig. 31, (the bottom and top solid lines, respectively).
We also show the contribution from the γ-M̃ (M̃ ¼ π0; η) fusion (the dashed lines). The absorption effects are included here.
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Within the errors the two values obtained in (3.7) and (3.8)
are compatible. In the following we shall take (3.8) for our
calculations.

IV. RESULTS

In this section we wish to present first results for three
cases pp → ppϕð1020Þ, and with ϕ decaying to KþK− or
μþμ−, corresponding to the processes discussed in Secs. II
and III. For details how to calculate the subleading
processes contributing to pp → ppðϕ → KþK−Þ we refer
the reader to Appendix C.

A. Comparison with the WA102 data

The ϕ-meson production in central proton-proton colli-
sions was studied by the WA102 Collaboration atffiffiffi
s

p ¼ 29.1 GeV. The experimental cross section quoted
in Table 1 of [61] is

σexp ¼ ð60� 21Þ nb: ð4:1Þ

In [61] also the dPt dependence of ϕ production and
the distribution in ϕpp were presented. Here dPt is the
“glueball-filter variable” [82,83] defined as:
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FIG. 5. Distributions in proton-proton relative azimuthal angle ϕpp (left panels) and in dPt (4.2), the “glueball filter” variable (right
panels), for the pp → ppϕ reaction at

ffiffiffi
s

p ¼ 29.1 GeV. The data points have been normalized to the central value of the total cross
section (4.1) from [61]. The results for the fusion processes γ-P (the two blue solid lines), ω-P (the black dashed line), ω-f2R (the black
dotted line), ϕ-P (the green dash-dotted line), and ρ-π0 (the violet dotted line) are presented. In the top panels the ω-P, ϕ-P and ω-f2R
exchanges are treated, respectively, as Reggeon-Pomeron and Reggeon-Reggeon exchanges (approach II) while in the bottom panels
these contributions are calculated in the Reggeized-vector-meson approach (C24) (approach I). The coherent sum of these contributions
is shown by the two black solid lines. The lower blue and black solid lines are for the parameter set A (B8) and the upper lines are for the
parameter set B (B9) in the calculation of the γ-P fusion contribution. The absorption effects are included here.
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FIG. 6. The ϕpp (left panels) and dPt (right panels) distributions for the pp → ppϕ reaction at
ffiffiffi
s

p ¼ 29.1 GeV. The data points have
been normalized to the central value of the total cross section (4.1) from [61]. The meaning of the lines is the same as in Fig. 5 but here
we added the O-P fusion term (see the red long-dashed line). The results shown in panels (a) and (b) correspond to the approach II and
the POϕ parameters in (4.5) and (4.6), respectively. The results shown in panel (c) correspond to the approach I and (4.7). The coherent
sum of all contributions is shown by the black solid lines. The lower line is for the parameter set A of photoproduction (B8) and the
upper line is for set B (B9). The absorption effects are included here.
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dPt ¼ qt;1 − qt;2 ¼ pt;2 − pt;1; dPt ¼ jdPtj; ð4:2Þ

and ϕpp is the azimuthal angle between the transverse
momentum vectors pt;1, pt;2 of the outgoing protons. Both

variables, dPt and ϕpp, are defined in the pp center-of-mass
frame. For the kinematics see, e.g., Appendix D of [51].
In Fig. 4 (left panel) we compare our theoretical pre-

dictions for the ϕpp distribution to theWA102 experimental
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FIG. 7. Distributions in rapidity of the ϕ meson (top panels) and in transverse momentum of the ϕ meson (bottom panels) for the
pp → ppϕ reaction at

ffiffiffi
s

p ¼ 29.1 GeV. The meaning of the lines is the same as in Fig. 6.

TABLE I. Results of central ϕ production as a function of dPt expressed as a percentage of its total contribution at
the WA102 collision energy

ffiffiffi
s

p ¼ 29.1 GeV. In the last column the ratios of σðdPt ≤ 0.2 GeVÞ=σðdPt ≥ 0.5 GeVÞ
are given. The experimental numbers are from Table 2 of [61]. The theoretical numbers correspond to the total
results including all terms contributing; see the upper black lines in the right panels of Figs. 5 and 6.

dPt ≤ 0.2 GeV 0.2 ≤ dPt ≤ 0.5 GeV dPt ≥ 0.5 GeV Ratio

Experiment 8� 3 47� 3 45� 4 0.18� 0.07
Approach II, no odderon 22.0 46.9 31.1 0.71
Approach I, no odderon 19.5 48.0 32.5 0.60

Approach II-a 17.4 42.2 40.4 0.43
Approach II-b 13.3 37.0 49.7 0.27
Approach I 14.7 41.1 44.2 0.33
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data for the pp → ppϕ reaction normalized to the central
value of the total cross section σexp ¼ 60 nb from [61]; see
(4.1). We consider the two photoproduction contributions:
γP plusPγ and γM̃ plus M̃γ with M̃ ¼ π0; η. We denote, for
brevity, the coherent sum of the contributions γP and Pγ by
γ-P, the coherent sum of γM̃ and M̃γ by γ-M̃. The
analogous notation will be used for these and all other
contributions in the following. For the photon-Pomeron
fusion we show the results for the two parameter sets, A and
B, discussed in Appendix B (see Fig. 31). For the
estimation of an upper limit of the γ-M̃ contribution we
take ΛM̃NN ¼ ΛϕγM̃ ¼ 1.2 GeV in (C9) and (C10); see the
discussion and Fig. 32 in Appendix B. We find that the γ-M̃
contribution is much smaller than the γ-P contribution.

It constitutes about 15% of γ-P in the integrated cross
section. The γ-S [S ¼ f0ð500Þ, f0ð980Þ, a0ð980Þ] contri-
bution terms are expected to be even smaller than the γ-M̃
(M̃ ¼ π0, η) ones; see Fig. 32 in Appendix B. Therefore, we
neglect the γ-M̃- and γ-S-fusion contributions in the further
considerations. Clearly, we see that the photoproduction
mechanism is not enough to describe the WA102 data, at
least if we take the central value of σexp quoted in (4.1) for
normalizing the data for the ϕpp distribution.
In Fig. 4 (right panel) we show the distributions in

rapidity of the ϕ meson. The photoproduction mechanisms
with P exchange (γP and Pγ) dominate at midrapidity. The
γM̃ and M̃γ components are separated and contribute in the
backward and forward regions of yϕ, respectively. The
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FIG. 8. The distributions in four-momentum transfer squared jt1j (top panels) and in transverse momentum pt;1 of the proton pðp1Þ
(bottom panels) for the pp → ppðϕ → KþK−Þ reaction at

ffiffiffi
s

p ¼ 13 TeV and for jηKj < 2.5, pt;K > 0.1 GeV. Absorption effects are
not included here. In the left panels we show the results for the photoproduction mechanism obtained with the parameter set B (B9). The
results for the γP- and Pγ-fusion contributions are presented. Their coherent sum is shown by the blue solid thick line. In the right panels
we present the results for the odderon-Pomeron-fusion mechanism obtained with the parameters quoted in (4.3), (4.4), and (4.6). Again,
we show the OP- and PO-fusion contributions separately and their coherent sum (red long-dashed thick line).
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separation in rapidity means also the lack of interference
effects between the γM̃ and M̃γ components.
It is a known fact that absorption effects due to strong

proton-proton interactions have an influence on the shape
of the distributions in ϕpp, dPt, jt1j and jt2j. Thus,
absorption effects should be included in realistic calcula-
tions. In the calculations presented we have included the
absorptive corrections in the one-channel eikonal approxi-
mation as was discussed, e.g., in Sec. 3.3 of [52]. The
absorption effects lead to a large damping of the cross
sections for purely hadronic diffractive processes and a
relatively small reduction of the cross section for the
photoproduction mechanism. We obtain the ratio of full
and Born cross sections hS2i (the gap survival factor) at

ffiffiffi
s

p ¼ 29.1 GeV and without any cuts included as follows
hS2i ≅ 0.8 for the photoproduction contribution and hS2i ≅
0.4 for the purely hadronic diffractive contributions dis-
cussed below. However, the absorption strongly depends on
the kinematic cuts on jt1j and jt2j. This will be discussed in
detail when presenting our predictions for the LHC; see
Sec. IV B below.
The question is now: what are the contributions to ϕ CEP

which could fill the gap between the photoproduction result
and the WA102 data in the left panel of Fig. 4? In the
following we shall explore if this can be achieved by the
subleading fusion processes ω-P, ϕ-P, ω-f2R, and ρ-π0

and/or the odderon-Pomeron fusion giving a ϕ meson; see
Appendix C and Sec. II B, respectively.
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FIG. 9. The differential cross sections for
ffiffiffi
s

p ¼ 13 TeV and for the ATLAS-ALFA cuts (jηK j < 2.5, pt;K > 0.1 GeV,
0.17 GeV < jpy;1j; jpy;2j < 0.50 GeV). We present the results for the hadronic diffractive contribution neglecting absorption effects.
The thick long-dashed line represents the complete result with both aPOϕ and bPOϕ couplings (4.6) included in the amplitude; see the
POϕ vertex (2.32). The contributions for the two type of couplings, a and b from (4.6), are shown separately: the dotted line corresponds
to the calculation only with aPOϕ, and the short-dashed line corresponds to the calculation only with bPOϕ.
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In Fig. 5 we show results for the γ-P and the subleading
fusion processes (ω-P, ϕ-P, ω-f2R, and ρ-π0). We present
results for two approaches as follows. In the top panels
(approach II) we show results for the Reggeon-Pomeron
(ϕR-P, ωR-P) and the Reggeon-Reggeon (ωR-f2R) con-
tributions, (C30)–(C34), and in the bottom panels
(approach I) we show results for the Reggeized-ϕ=ω-
meson exchanges (C23)–(C29). The ρ-π0 fusion contribu-
tion is calculated in the approach I, i.e., for the Reggeized
ρ0-meson exchange.
In Figs. 6 and 7 we present several differential distribu-

tions for the γ-P and the O-P fusion processes correspond-
ing to the diagrams shown in Figs. 1 and 2, respectively, and

for the subleading processes ω-P, ϕ-P, ω-f2R and ρ-π0

fusion. In the panels (a) and (b) of Fig. 6 the ω- and ϕ-
exchanges are treated as Reggeon exchanges (approach II)
while in the panel (c) as the Reggeized-vector-meson
exchange (C24) (approach I). For the O-P fusion contribu-
tion we take the following parameters, see (2.27)–(2.33),

ηO ¼ −1; αOð0Þ ¼ 1.05; α0O ¼ 0.25 GeV−2; ð4:3Þ
Λ2
0;POϕ ¼ 0.5 GeV2; ð4:4Þ

and we choose different values for aPOϕ and bPOϕ:

ðaÞ aPOϕ ¼ −0.8 GeV−3; bPOϕ ¼ 1.0 GeV−1; ð4:5Þ
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FIG. 10. The distributions in azimuthal angle ϕpp between the transverse momentum vectors pt;1, pt;2 of the outgoing protons (top
panels) and in rapidity difference between kaons ydiff (bottom panels). The calculations were performed for

ffiffiffi
s

p ¼ 13 TeV and for the
ATLAS-ALFA experimental cuts jηKj < 2.5, pt;K > 0.1 GeV (left panels), and with extra cuts on the leading protons of 0.17 GeV <
jpy;1j; jpy;2j < 0.50 GeV (right panels). The blue thick solid line corresponds to the coherent sum of the two diagrams (γP and Pγ). The
red thick dashed line corresponds to the coherent sum of theOP and PO contributions. The thin lines correspond to the results for one of
the two diagrams separately (the second contribution is the same). For the γ-P-fusion contribution we take the parameter set B (B9). For
the O-P-fusion contribution we take the parameters quoted in (4.3), (4.4), and (4.6).
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ðbÞ aPOϕ ¼ −0.8 GeV−3; bPOϕ ¼ 1.6 GeV−1; ð4:6Þ
ðcÞ aPOϕ ¼ −0.6 GeV−3; bPOϕ ¼ 1.6 GeV−1: ð4:7Þ
The results shown in panels (a) and (b) of Fig. 6 correspond
to the approach II and thePOϕ parameters in (4.5) and (4.6),
respectively. The results shown in panel (c) correspond to the
approach I and (4.7). The coherent sum of all contributions is
shown by the black solid lines. The lower line is for the
parameter set A of photoproduction (B8) and the upper line
is for set B (B9).
We have checked that these parameters are compatible

with our analysis of the WA102 data for the pp → ppϕϕ
reaction discussed in [58]. Comparing the results shown in
Fig. 5 with those in Fig. 6 we can see that the complete
results indicate a large interference effect between the γ-P,
O-P, ω-P, ω-f2R, and ϕ-P terms.

In [61] experimental values for the cross sections in
three dPt intervals and for the ratio of ϕ production at small
dPt to large dPt are given. We show our corresponding
results in Table I for the two approaches, I and II, with
appropriate POϕ coupling constants (4.5), (4.6), (4.7).
Here we take the parameter set B (B9) for the γ-P fusion
contributions.
Now we discuss our results concerning the WA102 data.

As already mentioned we find that the γ-P fusion processes
alone cannot describe the WA102 data for the ϕpp

distribution. This holds even if we scale down the exper-
imental data by about 30% corresponding to the quoted
error on the total cross section in (4.1). Thus, we need other
contributions, subleading ones or maybe odderon-Pomeron
fusion. From the subleading ones we find that the γ-π0

and γ-η contributions are very small; see Fig. 4. Also the
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FIG. 11. The distributions in ϕKþ;CS (top panel) and in cos θKþ;CS (bottom panel) for
ffiffiffi
s

p ¼ 13 TeV, jηK j < 2.5, pt;K > 0.1 GeV (left
panels), and with extra cuts on the leading protons of 0.17 GeV < jpy;1j; jpy;2j < 0.50 GeV (right panels). The meaning of the lines is
the same as in Fig. 10.
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ρ-π0-fusion contribution turns out to be very small.
According to our results, the important subleading con-
tributions are ω-P, ω-f2R and ϕ-P fusion. We have treated
them with two methods of Reggeization, I and II. The

Reggeized vector-meson approach I, see (C24), (C25),
almost certainly overestimates these contributions. The
Reggeization means that we replace the vector-meson
exchange by a coherent sum of exchanges with spin
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FIG. 12. The differential cross sections for
ffiffiffi
s

p ¼ 13 TeV and the ATLAS-ALFA cuts without (the thin lines) and with (the thick lines)
absorption effects. For the γ-P-fusion contribution we take the parameter set B (B9). For the O-P-fusion contribution we take the
parameters quoted in (4.3), (4.4), and (4.6).
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1þ 3þ 5þ…. The higher the spin the higher the mass of
the exchanged particle. In (C24) this increase of mass is
not taken into account leading to the overestimate. Also,
the distribution in ϕpp in this approach I is too flat and
does not fit the data; see the ω-P contribution in the left
bottom panel in Fig. 5. The approach II, on the other hand,
assumes Reggeon exchanges, ωR and ϕR. This approach
maybe underestimates the contributions if s1 or s2 are
small, but should be very reasonable for large s1 or s2. But
note that in our reaction the threshold for s1 and s2 is
already quite large sthr ≈ 4 GeV2; see (C26). We see
clearly from Fig. 5 that in this approach the sum of the
γ-P, γ-f2R, ωR-P, ωR-f2R, ϕR-P and ρ-π0 contributions,2

added coherently, cannot explain the ϕpp data. This gives
a hint that the missing contribution could be the odderon-
Pomeron fusion. And, indeed, with suitable odderon
parameters we arrive at a decent description of the ϕpp

and the dPt data from WA102; see Fig. 6 and Table I,
respectively. However, we have to remember that the ϕpp

distributions have a large normalization uncertainty due to
the relatively large error on σexp (4.1). Therefore, we
emphasise that our fits to the WA102 data on single ϕ CEP
only give a hint that this reaction could be very interesting
for a search of odderon effects. It would be nice if we
could fix the odderon contribution to ϕ CEP at the WA102
energy more quantitatively. But we must leave this to the
experimentalists who know in detail the statistical and

systematic errors of the data, including the error correla-
tions. Also the theoretical uncertainties of the subleading
contributions are relatively large at the WA102 energy.
These latter uncertainties should, however, be much
smaller at LHC energies. From Fig. 7 we see that the
odderon-Pomeron contribution dominates at larger jyϕj
and pt;ϕ compared to the photon-Pomeron contribution.
As we shall see this also holds at LHC energies and should
help in searches for odderon effects there.

B. Predictions for the LHC experiments

1. The pp → ppK +K − reaction

In this subsection wewish to show our predictions for the
LHC experiments. We start with the presentation of the
differential distributions for the pp → ppðϕ → KþK−Þ
reaction (2.3) which we integrate in the ϕ resonance region
(2.2). First we show, for orientation purposes, results for the
γP- and the OP-fusion contributions separately (see the
diagrams shown in Figs. 1 and 2, respectively). For the final
results we shall, of course, add these contributions coher-
ently and calculate absorption corrections at the amplitude
level. We have checked that in the kinematic regimes
discussed in the following the subleading contributions (see
Appendix C) can be safely neglected.
In Figs. 8–16 we show the results for

ffiffiffi
s

p ¼ 13 TeV, and
jηKj < 2.5, pt;K > 0.1 GeV and sometimes with extra cuts
on the leading protons of 0.17 GeV < jpy;1j; jpy;2j <
0.50 GeV as will be the proton momentum window for
the ALFA detectors placed on both sides of the ATLAS
detector. The choice of such cuts is based on the analysis
initiated by the ATLAS Collaboration; see [84]. For
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FIG. 13. Results for the ATLAS-ALFA experiment at
ffiffiffi
s

p ¼ 13 TeV. The lower blue solid line represents the result for the parameter
set A of photoproduction (B8) and the upper line is for set B (B9). The red long-dashed line represents the odderon-Pomeron fusion with
the parameters quoted in (4.3), (4.4), and the POϕ coupling parameters (4.6). the red dash-dotted line is for the choice (4.5) of the POϕ
coupling parameters, and the red dotted line is for (4.7). The absorption effects are included here.

2For clarity: here we took into account the P and f2R
exchanges as a result of ω-ϕ mixing; see the diagram (b) of
Fig. 30. We neglect the ϕR-f2R-fusion contribution and the f2R-
exchange term from the diagram (a) of Fig. 30 and the a2R-
exchange term from the diagram (b) there.
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comparison, we will also show our predictions for the
ATLAS-ALFA experiment for pt;K > 0.2 GeV; see
Figs. 15–17 and Table II below.

Figure 8 shows the Born-level distributions in jt1j (top
panels) and in transverse momentum pt;1 ¼ jpt;1j of the
proton pðp1Þ (bottom panels). In the left panels the
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FIG. 14. Selected predictions for the ATLAS-ALFA experiment at
ffiffiffi
s

p ¼ 13 TeV. The absorption effects are included here. The blue
solid line represents the result for the photoproduction mechanism for set B (B9) while the red long-dashed line represents the odderon-
Pomeron fusion with the parameters quoted in (4.3), (4.4), and the POϕ coupling parameters (4.6). The coherent sum of the two fusion
processes is shown by the black solid line.
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photoproduction contributions are plotted while in the right
panels we show the results for the odderon contributions.
The results for the parameter set B (B9) for the photo-
production term and for the parameters quoted in (4.3), (4.4),
(4.6) for the O-P fusion are presented. We show results for

two diagrams separately and for their coherent sum (denoted
by “total”). The interference effects between the two dia-
grams are clearly visible, especially for the O-P-fusion
mechanism. A different behavior is seen at small jt1j for the
γP and theOP components. Due to the photon exchange the
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FIG. 15. The same as in Fig. 14 but for pt;K > 0.2 GeV.
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protons are scattered only at small angles and the γP
distribution has a singularity for jt1j → 0. Of course,
t1 ¼ 0 cannot be reached here from kinematics. In con-
trast, the OP distribution shows a dip for jt1j → 0. The
explanation of this type of behavior is given in
Appendix C of [39]. In the bottom panels we show the
pt distributions for proton pðp1Þ. Here these differences
are also clearly visible.
In Fig. 9 we show results for the hadronic diffractive

contribution for the two types of couplings in the POϕ
vertex (2.32) separately and when both couplings are
taken into account. The distributions in ϕpp, the relative
azimuthal angle between the outgoing protons, in ydiff ¼
y3 − y4, the rapidity distance between the two centrally
produced kaons, and in ϕKþ;CS and cos θKþ;CS where the
azimuthal and polar angles of the Kþ meson are defined
in the Collins-Soper (CS) frame, see Appendix D, are
presented. We can see that the complete result indicates a

large interference effect of the aPOϕ and bPOϕ coupling
contributions in the amplitudes. Note, in particular, that
both the a and the b term separately give a cos θKþ;CS
distribution with a maximum at cos θKþ;CS ¼ 0. On the
contrary, their coherent sum has a minimum there.
Figure 10 shows the differential cross sections

dσ=dϕpp (see the top panels) and dσ=dydiff (see the
bottom panels) without (the left panels) and with (the
right panels) limitations on the leading protons. The blue
lines correspond to the photoproduction contributions
while the red lines to the hadronic diffractive contribu-
tions. The thin lines represent the results for one of the
two diagrams separately (γP or Pγ as well as OP or PO)
and the thick lines represent their coherent sum (γP plus
Pγ, OP plus PO). The reader is asked to note a reversed
interference behavior for the photon-Pomeron and odd-
eron-Pomeron mechanisms. The influence of kinematic
cuts on the leading protons is also shown. We see that
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FIG. 16. The distributions in cos θKþ;CS (the top panels) and in ϕKþ;CS (the bottom panels). The calculations were performed forffiffiffi
s

p ¼ 13 TeV and for the ATLAS-ALFA experimental cuts jηKj < 2.5, pt;K > 0.1 GeV (left panels) or pt;K > 0.2 GeV (right panels),
and with extra cuts on the leading protons of 0.17 GeV < jpy;1j; jpy;2j < 0.50 GeV. The meaning of the lines is the same as in Fig. 14.
The absorption effects are included here.
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due to the cuts on the leading protons (0.17 GeV <
jpy;1j; jpy;2j < 0.50 GeV) the photoproduction term is
strongly suppressed. The odderon-Pomeron contribution
dominates at larger jydiff j compared to the photon-
Pomeron contribution.

In Fig. 11 we show the kaon angular distributions in the
KþK− rest system using the Collins-Soper (CS) frame;
see Appendix D. The Collins-Soper frame which we use
here is defined as in our recent paper on extracting the
PPf2ð1270Þ couplings in the pp → ppπþπ− reaction [59]
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FIG. 17. The differential cross sections for the pp → ppðϕ → KþK−Þ reaction calculated for
ffiffiffi
s

p ¼ 13 TeV and for the ATLAS-
ALFA experimental cuts jηKj < 2.5, pt;K > 0.2 GeV, 0.17 GeV < jpy;1j; jpy;2j < 0.50 GeV. The meaning of the lines is the same as in
Fig. 14 but here we have taken the smaller value of the bPOϕ coupling parameter; see (4.5). The absorption effects are included here.
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withKþ andK− in the place of πþ and π−, respectively. For
the pp → ppðϕ → KþK−Þ reaction we can observe inter-
esting structures in the ϕKþ;CS (top panel) and in the
cos θKþ;CS (bottom panel) distributions. The distribu-
tions in ϕKþ;CS for the hadronic diffractive contribution
(OP plus PO) are relatively flat. The photoproduction
term, in contrast, shows pronounced maxima and min-
ima which are due to the interference of the γP and
Pγ terms. The cuts on leading protons considerably
change the shape of the ϕKþ;CS distributions for the
photon-exchange contribution. The angular distribution
dσ=d cos θKþ;CS looks promising for a search of odderon
effects as it is very different for the γ-P- and the O-P-
fusion processes.

In Fig. 12 we compare results without (the thin lines)
and with (the thick lines) absorption effects. The absorp-
tion effects have been included in our analysis within
the one-channel-eikonal approach. For the ATLAS-
ALFA kinematics the absorption effects lead to a large
damping of the cross sections both for the hadronic
diffractive and for the photoproduction mechanisms. We
find a suppression factor of the cross section of
hS2i ≃ 0.3; see Table II. A similar value of suppression
was found in [85] (see Fig. 14 there) for the exclusive
pp → ppπþπ− reaction for the diffractive continuum
process at the LHC energy. From Fig. 12 we see that
the absorption effects also modify the shape of the
distributions.

TABLE II. The integrated cross sections in nb for the central exclusive production of single ϕmesons in proton-proton collisions with
the subsequent decays ϕ → KþK− or ϕ → μþμ−. The results have been calculated for

ffiffiffi
s

p ¼ 13 TeV in the dikaon/dimuon invariant
mass regionM34 ∈ ð1.01; 1.03Þ GeV and for some typical experimental cuts. We show results for the γ-P- andO-P-fusion contributions
separately and for their coherent sum (“total”). The ratios of full and Born cross sections hS2i (the gap survival factors) are shown in the
last column.

Cuts Contributions σðBornÞ (nb) σðfullÞ (nb) hS2i
jηK j < 2.5, pt;K > 0.1 GeV γ-P 60.07 55.09 0.9

O-P 21.40 6.44 0.3
Total 58.58

jηK j < 2.5, pt;K > 0.1 GeV,
0.17 GeV < jpy;1j; jpy;2j < 0.5 GeV

γ-P 1.77 0.52 0.3
O-P 2.91 0.79 0.3
Total 0.93

jηK j < 2.5, pt;K > 0.2 GeV,
0.17 GeV < jpy;1j; jpy;2j < 0.5 GeV

γ-P 1.07 0.24 0.2
O-P 2.10 0.61 0.3
Total 0.70

jηK j < 2.5, pt;K > 0.5 GeV,
0.17 GeV < jpy;1j; jpy;2j < 0.5 GeV

γ-P 6.74 × 10−3 0.76 × 10−3 0.1
O-P 87.94 × 10−3 18.97 × 10−3 0.2
Total 20.47 × 10−3

2.0 < ηK < 4.5, pt;K > 0.1 GeV γ-P 43.18 40.07 0.9
O-P 16.73 4.70 0.3
Total 43.28

2.0 < ηK < 4.5, pt;K > 0.3 GeV γ-P 3.09 2.57 0.8
O-P 6.57 1.64 0.3
Total 4.24

2.0 < ηK < 4.5, pt;K > 0.5 GeV γ-P 0.93 × 10−1 0.66 × 10−1 0.7
O-P 0.88 0.16 0.2
Total 0.24

2.0 < ημ < 4.5, pt;μ > 0:1 GeV γ-P 23.93 × 10−3 20.96 × 10−3 0.9
O-P 10.06 × 10−3 3.02 × 10−3 0.3
Total 21.64 × 10−3

2.0 < ημ < 4.5, pt;μ > 0.5 GeV γ-P 1.21 × 10−3 0.85 × 10−3 0.7
O-P 1.49 × 10−3 0.45 × 10−3 0.2
Total 1.07 × 10−3

2.0 < ημ < 4.5, pt;μ > 0.1 GeV,
pt;μþμ− > 0.8 GeV

γ-P 0.70 × 10−3 0.41 × 10−3 0.6
O-P 2.46 × 10−3 0.51 × 10−3 0.2
Total 0.91 × 10−3
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From the cos θKþ;CS distributions shown in Figs. 11 and
12 we can conclude that from the γ-P fusion the ϕ
meson gets preferentially a transverse polarization giving
a distribution proportional to sin2 θKþ;CS. For the O-P
fusion, on the other hand, we find that the ϕ meson gets
preferentially a longitudinal polarization with a distri-
bution proportional to cos2 θKþ;CS. This different behav-
ior can be understood using again the considerations of
Appendix C of [39]. The γ-P contribution is largest for
very small jtj, see Fig. 8, where the virtual photon has
essentially only transverse polarization which it will
transmit to the ϕ. The O-P fusion, on the other hand,
gives a very small contribution for very small jtj. For
larger jtj, however, where the odderon contributes most,
the longitudinal cross section has a “large” factor jtj
relative to the transverse term. (This is quite analogous
to what happens in DIS for the standard cross sections
of the absorption of the virtual photon on the proton, σT
and σL. For Q2 → 0 σT goes to a constant, σL is
proportional to Q2; see for instance [50]).
Up to now we have shown results including the

ATLAS-ALFA experimental cuts for a concrete set of
parameters, set B (B9) for the photoproduction term and
(4.6) for the POϕ coupling parameters. In Fig. 13 we
show results for different parameter sets, as discussed in
Sec. IVA, for the γ-P- and O-P-fusion processes. The
upper blue solid line is for the parameter set B of photo-
production (B9) and the lower blue solid line is for set A
(B8). The red long-dashed line corresponds to the odderon
parameters quoted in (4.3), (4.4), and the POϕ coupling
parameters (b) (4.6), the red dash-dotted line is for the

choice of POϕ coupling parameters (a) (4.5), and the red
dotted line is for (4.7).
In Figs. 14–16 we show distributions in several

variables for the ATLAS-ALFA experimental cuts,ffiffiffi
s

p ¼ 13 TeV, jηKj < 2.5, 0.17 GeV < jpy;1j; jpy;2j <
0.50 GeV, pt;K > 0.1 GeV and pt;K > 0.2 GeV. The
absorption effects are included in the calculations. We
show results for the γ-P- and O-P-fusion contributions
separately (see the blue and red lines, respectively) and
when both terms are added coherently at the amplitude
level (the black lines). We take for the γ-P- and O-P-
fusion contributions the coupling parameters (B9) and
(4.6), respectively. In Fig. 17 we show the results for
(4.5) aPOϕ¼−0.8GeV−3 and bPOϕ ¼ 1.0 GeV−1 [instead
of bPOϕ ¼ 1.6 GeV−1 (4.6)]. We can see that the com-
plete result indicates a large interference effect of
γ-P- and O-P-fusion terms. The odderon-Pomeron con-
tribution dominates clearly at larger jydiff j, pt;KþK− ,
the transverse momentum of the KþK− pair, and
cos θKþ;CS ¼ �1, compared to the photon-Pomeron con-
tribution. We encourage the experimentalists associated
to the ATLAS-ALFA experiment to prepare such dis-
tributions, especially dσ=dydiff, dσ=d cos θKþ;CS, and
dσ=dϕKþ;CS. Observation of the pattern of maxima and
minima would be interesting by itself as it is due to
interference effects. Note, in particular, the different
pattern of ϕKþ;CS distributions in Figs. 16 and 17.
Within the same kinematic cuts we can observe for
ϕKþ;CS ¼ 0; π; 2π destructive interference for (4.6) and
constructive interference for (4.5). The same is clearly
seen also for cos θKþ;CS ¼ 0.
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FIG. 18. The two-dimensional distributions in (pt;Kþ , pt;K− ) for the pp → ppðϕ → KþK−Þ reaction via γ-P-fusion (left panel) and via
O-P-fusion (right panel) processes. The calculations were done for

ffiffiffi
s

p ¼ 13 TeV and with cuts on 2.0 < ηK < 4.5 and
pt;K > 0.1 GeV. Here we show the result for γ-P fusion obtained with the parameter set B (B9) while the result for O-P fusion
was obtained with the parameters quoted in (4.3), (4.4), and (4.6). The absorption effects are included here.
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FIG. 19. The differential cross sections for the pp → ppðϕ → KþK−Þ reaction. Calculations were done for
ffiffiffi
s

p ¼ 13 TeV,
2.0 < ηK < 4.5, and pt;K > 0.3 GeV (left panels) or pt;K > 0.5 GeV (right panels). The meaning of the lines is the same as in Fig. 14.
Results for the photoproduction (blue solid lines) and theO-P-fusion (red lines) contributions are shown separately. The black solid line
corresponds to the coherent sum of the γ-P- and O-P-fusion processes with the coupling parameters (B9) and (4.6), respectively. The
absorption effects are included here.
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FIG. 20. The distributions in cos θKþ;CS and ϕKþ;CS for the same experimental cuts as in Fig. 19. Also the meaning of the lines is as in
Fig. 19.
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FIG. 21. The two-dimensional distributions in (ϕKþ;CS, cos θKþ;CS) for the pp → ppðϕ → KþK−Þ reaction via γ-P fusion (left panel)
and via O-P fusion (right panel). The calculations were done for
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s

p ¼ 13 TeV and with the cuts 2.0 < ηK < 4.5 and pt;K > 0.3 GeV.
We show the result for γ-P fusion obtained with the parameter set B (B9) while the result for O-P fusion was obtained with the
parameters quoted in (4.3), (4.4), and (4.6). The absorption effects are included here.
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It is worth adding that much smaller interference
effects are predicted when no cuts on the outgoing
protons are required; see the results in Table II and
Figs. 19, 20 below. When cuts on transverse momenta
of the outgoing protons are imposed then the γ-P- and
O-P-fusion contributions become comparable and large
interference effects are in principle possible.
We have checked numerically that for αOð0Þ ¼ 1.0,

instead of αOð0Þ ¼ 1.05 [see (2.30)], we get a bit smaller
cross section for the O-P-fusion contribution but the shape
of the differential distributions (e.g., dσ=dϕpp, dσ=dt1;2) is
not changed. In our plots for the LHC energies we have
taken mainly the odderon coupling parameters from (4.6).
This is to be understood as an example. For the parameters
from (4.5) the odderon effects at the LHC are typically
smaller than those from (4.6) by a factor of roughly 2; see
Figs. 13, 15, 17. Figures 15 and 17 show distinct interfer-
ence effects between the γ-P- andO-P-fusion contributions
which depend on the choice of the odderon coupling
parameters. In an experimental analysis of single ϕ CEP
at the LHC clearly the odderon parameters from (2.29) and
(2.32) should be considered as fit parameters to be
determined from the comparison of our theoretical results
with the data.
Now we shall discuss results for the LHCb experi-

mental conditions. In Fig. 18 we show the two-dimensional

distributions in (pt;Kþ , pt;K− ) for
ffiffiffi
s

p ¼ 13 TeV, 2.0 <
ηK < 4.5, and pt;K > 0.1 GeV. In the left panel we show
the result for γ-P fusion obtained with the parameter
set B (B9). In the right panel we show the result for
O-P fusion for the parameters quoted in (4.3), (4.4), and
(4.6). We can see that the γ-P-fusion contribution is
larger at smaller pt;K than the O-P-fusion contribution.
Therefore, a low-pt;K cut on transverse momenta of the
kaons can be helpful to reduce the γ-P-fusion contri-
bution; compare the left and right panels in Figs. 19 and
20 below.
In Figs. 19 and 20 we show several distributions

for γ-P- and O-P-fusion contributions and their coherent
sum for the LHCb experimental conditions,

ffiffiffi
s

p ¼ 13 TeV,
2.0 < ηK < 4.5, pt;K > 0.3 GeV (left panels) or pt;K >
0.5 GeV (right panels). The absorption effects were
included in the calculations. For larger kaon transverse
momenta (or transverse momentum of the KþK− pair)
the odderon-exchange contribution, using our para-
meters for the odderon, is bigger than the photon-
exchange one.
As in the previous (ATLAS-ALFA) case the angular

distributions in the KþK− Collins-Soper rest system
seem interesting. In Fig. 21 we show the two-dimensional
distributions in (ϕKþ;CS, cos θKþ;CS) for 2.0 < ηK < 4.5
and pt;K > 0.3 GeV. We see here again that the γ-P
fusion leads predominantly to transverse polarization of
the ϕ meson. The distribution for the O-P fusion (the
right panel of Fig. 21) shows clearly a strong longitudinal
ϕ-meson component but, due to the marked ϕKþ;CS
dependence, also transverse ϕ components must be
present.

2. The pp → ppμ+ μ− reaction

The ϕ meson can also be observed in the μþμ−

channel. In this subsection we wish to show our
predictions for the pp → ppμþμ− reaction for the
LHCb experiment at

ffiffiffi
s

p ¼ 13 TeV for the 2.0 < ημ <
4.5 pseudorapidity range. Here we require no detection of
the leading protons.
In Fig. 22 we present the μþμ− invariant mass

distributions in the ϕð1020Þ resonance region. We show
the contributions from the γ-P- and O-P-fusion processes
and the continuum γγ → μþμ− term. The dimuon-
continuum process (γγ → μþμ−) was discussed, e.g., in
[86] in the context of the ATLAS measurement [87]. In
our analysis here we are looking at the dimuon invariant
mass region Mμþμ− ∈ ð1.01; 1.03Þ GeV.
Note, that in the continuum term, γγ → μþμ−, the

μþμ− are in a state of charge conjugation C ¼ þ1. For
ϕ → μþμ− we have a state of C ¼ −1. Thus, the
interference of the continuum and the ϕ-production
reactions will lead to μþ-μ− asymmetries. We have
checked, however, that the interference in the μþμ−
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exclusive pp → ppμþμ− reaction including the ϕ-meson pro-
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nonresonant γγ → μþμ− continuum term. The calculations were
done for

ffiffiffi
s

p ¼ 13 TeV, 2.0 < ημ < 4.5, and pt;μ > 0.1 GeV.
Here we show the result for γ-P fusion (the blue solid line)
obtained with the parameter set B (B9). The result for O-P fusion
(the red long-dashed line) was obtained with the parameters
quoted in (4.3), (4.4), and (4.6). The black short-dashed line
corresponds to the continuum contribution. The absorption
effects are included here.
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channel is smaller than our numerical precision, definitely
smaller than 2%.
In Fig. 23 we show two-dimensional distributions in

(pt;μþ , pt;μ−) for three different processes. The result in
the panel (a) corresponds to the continuum contribution
without the cut on Mμþμ− . Here the maximum of the
cross section is placed along the pt;μþ ¼ pt;μ− line which
is due to the predominantly small transverse momenta of
the photons in this photon-exchange process. The results
in the panels (b), (c), and (d) correspond to the
continuum term, the γ-P- and O-P-fusion processes,
respectively, including the limitation on Mμþμ− .
In Figs. 24 and 25, we show the predictions for the pp →

ppμþμ− reaction for typical experimental lower cuts on the
transverse momentum of the muons, pt;μ > 0.1 GeV and
pt;μ > 0.5 GeV, respectively. In contrast to dikaon pro-
duction here there is for both the γ-P- and the O-P-fusion

contributions a maximum at ydiff ¼ 0 (or cos θμþ;CS ¼ 0).
In Fig. 24 the continuum contribution is large. Imposing
a larger cut on the transverse momenta of the muons
reduces the continuum contribution which, however, still
remains sizeable at ydiff ¼ 0. Such a cut reduces the
statistics of the measurement; see the results in Table II.
In Fig. 25 we show our predictions for different choices of
parameters. The μþμ− channel seems to be less promising
in identifying the odderon exchange at least when only the
pt;μ cuts are imposed. Eventually, the absolute normaliza-
tion of the cross section and detailed studies of shapes of
distributions should provide a clear answer whether one can
observe the odderon-exchange mechanism here.
In Fig. 26 we present the distributions in trans-

verse momentum of the μþμ− pair. We can see that the
low-pt;μþμ− cut can be helpful to reduce the continuum
(γγ → μþμ−) and photon-Pomeron-fusion contributions.
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FIG. 23. The two-dimensional distributions in (pt;μþ , pt;μ− ) for the pp → ppμþμ− reaction. The calculations were done for
ffiffiffi
s

p ¼
13 TeV and 2.0 < ημ < 4.5. The results in the panels (a) and (b) correspond to the μþμ− continuum without and with the cut on
Mμþμ− ∈ ð1.01; 1.03Þ GeV, respectively. The results in the panels (c) and (d) correspond to the ϕ production via γ-P fusion and via O-P
fusion, respectively. No absorption effects are included here.
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In Fig. 27 we show the results when imposing in
addition a cut pt;μþμ− > 0.8 GeV. The γγ → μþμ− con-
tribution is now very small. We can see from the ydiff
distribution that the photon-Pomeron term gives a broader
distribution than the odderon-Pomeron term. At ydiff ¼ 0
the odderon-exchange term is now bigger than the pho-
toproduction terms.
In Table II we have collected integrated cross sections

in nb for
ffiffiffi
s

p ¼ 13 TeV and with different experimental
cuts for the exclusive pp → ppKþK− and pp → ppμþμ−
reactions including the γ-P- and O-P-fusion processes
separately. We also show the results for the coherent
sum of the γ-P- and O-P-fusion processes including
absorption corrections. Here we take for the γ-P- and
O-P-fusion contributions the coupling parameters (B9) and
(4.6), respectively. The ratios of full and Born cross

sections hS2i (the gap survival factors) are also presented.
We obtain hS2i ≃ 0.2–0.3 for the purely diffractive O-P
contribution. For the γ-P contribution we find that hS2i
strongly depends on the cuts on the leading protons.
We close this section with a brief comment on the

absorptive corrections in the nonperturbative (soft) diffrac-
tive and in pQCD processes.
The survival factor for the soft exclusive process pp →

ppπþπ− via the Pomeron-Pomeron fusion for
ffiffiffi
s

p ¼ 7 TeV
was calculated also in [85]. From Fig. 14 of [85] we see that
the survival factor (only the pp rescattering corrections) is
about hS2i ¼ 0.2.
In the perturbative case there is an additional factor

for the gluon-gluon fusion vertex. This factor suppresses
the emission of virtual “soft” gluons that could fill rapi-
dity gaps (Sudakov-like suppression). For “hard” pQCD
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FIG. 24. The differential cross sections for the pp → ppμþμ− reaction in the dimuon invariant mass region Mμþμ− ∈
ð1.01; 1.03Þ GeV. Calculations were done for

ffiffiffi
s

p ¼ 13 TeV, 2.0 < ημ < 4.5, and pt;μ > 0.1 GeV. The meaning of the lines is
the same as in Fig. 22. We take the γ-P- and O-P-fusion contributions for the coupling parameters (B9) and (4.6), respectively.
The absorption effects are included here.
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FIG. 26. The distributions in transverse momentum of the μþμ− pair for the pp → ppμþμ− reaction in the dimuon invariant mass
region Mμþμ− ∈ ð1.01; 1.03Þ GeV. Calculations were done for ffiffiffi

s
p ¼ 13 TeV, 2.0 < ημ < 4.5 and for pt;μ > 0.1 GeV (left panel) and

for pt;μ > 0.5 GeV (right panel). The meaning of the lines is the same as in Fig. 22 but here we added the coherent sum of all
contributions shown by the black solid line. Here we take the γ-P- and O-P-fusion contributions for the coupling parameters (B9) and
(4.6), respectively. The absorption effects are included here.
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processes at the LHC energies the expected hS2i value is
about 0.03 (or smaller); see, e.g., [88–90]. Besides the
effect of eikonal screening, there is some suppression
caused by the rescatterings of the protons with the
intermediate partons (inside the unintegrated gluon distri-
bution). This effect, neglected in the present calculations, is
described by the so-called enhanced Reggeon diagrams and
usually denoted as S2enh. The precise size of this effect is
uncertain, but due to the relatively large transverse momen-
tum (and so smaller absorptive cross section) of the
intermediate partons, it is only expected to reduce the
corresponding CEP cross section by a factor of at most a
“few,” that is a much weaker suppression than in the case of
hS2i, the eikonal survival factor; see, e.g., [89,90].
A similar method of calculation of the soft survival

factor, hS2i, as in our paper, was used in the GRANITTI

Monte Carlo event generator [91]. For instance, for central

exclusive πþπ− production (via Pomeron-Pomeron fusion),
denoted in Table 1 of [91] by πþπ−EL, the author gets hS2i ≃
0.2 at the LHC energies. Note, that a much smaller hS2i ¼
0.06 is obtained in [91] for a pQCD process, production of
a gluon pair gg at

ffiffiffi
s

p ¼ 13 TeV, using the pQCD based
Durham model.
Finally, we note that for the γγ-fusion processes the

values of hS2i also depend on kinematic regions consid-
ered; see, e.g., [86].

V. CONCLUSIONS

In the present paper we have discussed the possibility to
search for odderon exchange in the pp → ppϕ reaction
with the ϕ meson observed in the KþK− or μþμ− channels.
There are two basic processes: the relatively well known
(at the Born level) photon-Pomeron fusion and the rather

2 2.5 3 3.5 4 4.5

μ
η

0

0.2

0.4

0.6

0.8

 (
pb

)
μη

/dσd

 (1.01, 1.03) GeV∈ -μ+μ           M-μ+μ pp →pp 

 > 0.1 GeV
μt, 

 < 4.5,  p
μ

η = 13 TeV,  2.0 < s

 > 0.8 GeV
-μ+μt, 

                                             p-IPγ
O-IP
continuum
total

2− 1− 0 1 2

diff
y

0

0.2

0.4

0.6

 (
pb

)
di

ff
/d

y
σd

 (1.01, 1.03) GeV∈ -μ+μ           M-μ+μ pp →pp 

 > 0.1 GeV
μt, 

 < 4.5,  p
μ

η = 13 TeV,  2.0 < s

 > 0.8 GeV
-μ+μt, 

                                             p-IPγ
O-IP
continuum
total

1− 0.5− 0 0.5 1

,CS+μθcos

0

0.5

1

 (
pb

)
,C

S
+ μθ

/d
co

s
σd

 (1.01, 1.03) GeV∈ -μ+μ           M-μ+μ pp →pp 

 > 0.1 GeV
μt, 

 < 4.5,  p
μ

η = 13 TeV,  2.0 < s

 > 0.8 GeV
-μ+μt, 

                                             p-IPγ
O-IP
continuum
total

0 100 200 300
 (deg)

,CS+μ
φ

0

0.1

0.2

0.3

 (
pb

)
,C

S
+ μφ

/dσd

 (1.01, 1.03) GeV∈ -μ+μ           M-μ+μ pp →pp 

 > 0.1 GeV
μt, 

 < 4.5,  p
μ

η = 13 TeV,  2.0 < s

 > 0.8 GeV
-μ+μt, 

                                             p-IPγ
O-IP
continuum
total

FIG. 27. The differential cross sections for the pp → ppμþμ− reaction in the dimuon invariant mass region Mμþμ− ∈
ð1.01; 1.03Þ GeV. Calculations were done for
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p ¼ 13 TeV, 2.0 < ημ < 4.5, pt;μ > 0.1 GeV, and pt;μþμ− > 0.8 GeV. The meaning
of the lines is the same as in Fig. 26. The absorption effects are included here.
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elusive odderon-Pomeron fusion. In our previous analysis
on two ϕ-meson production in proton-proton collisions
[58] we tried to tentatively (optimistically) fix the param-
eters of the Pomeron-odderon-ϕ vertex to describe the
relatively large ϕϕ invariant mass distribution measured by
the WA102 Collaboration [60]. The calculation for the
pp → ppϕ process requires in addition knowledge of the
rather poorly known coupling of the odderon to the proton.
The latter can be fixed, in principle, by a careful study of
elastic proton-proton scattering. The present estimates
suggest βOpp ≃ 0.1 βPNN [see Eq. (2.31)]. In the present
study we therefore fixed the odderon coupling to the proton
at this reasonable value and tried to make predictions for
central exclusive ϕ-meson production. Our results also
depend on the assumptions made for the Regge trajectory
of the odderon, Eqs. (2.29) and (2.30). In this context the
photon-Pomeron fusion is a background for the odderon-
Pomeron fusion. The parameters of photoproduction were
fixed to describe the HERA ϕ-meson photoproduction
data; see Appendices A and B. There, we pay special
attention to the importance of the ϕ-ω mixing effect in the
description of the γp → ϕp and γp → ωp reactions. We
would like to invite experimentalists to perform further
studies of these reactions both with still unanalyzed HERA
data and data from ultraperipheral Ap collisions. This
should include ω and ϕ polarization studies in order to
get precise values for the relevant coupling parameters
defined in Appendices A and B. To fix the parameters of the
Pomeron-odderon-ϕ vertex (coupling constants and cutoff
parameters) we have considered several subleading con-
tributions and compared our theoretical predictions for the
pp → ppϕ reaction with the WA102 experimental data
from [61].
Having fixed the parameters of the model we have made

estimates of the integrated cross sections as well as shown
several differential distributions for pp → ppϕ at the
WA102 energy

ffiffiffi
s

p ¼ 29.1 GeV. In addition we have
discussed in detail exclusive production of single ϕmesons
at the LHC, both in the KþK− and μþμ− observation
channels, for two possible distinct types of measurements:
(a) at midrapidity and without or with forward measure-
ment of protons (relevant for ATLAS-ALFA or CMS-
TOTEM), (b) at forward rapidities and without measure-
ment of protons (relevant for LHCb). In contrast to low
energies, where several processes may compete, at the large
LHC energies the odderon-exchange contribution competes
only with the photoproduction mechanism. We have
considered different dedicated observables. Some of them
seem to be promising. The distributions in ydiff (rapidity
difference between kaons) and the angular distributions of
kaons in the Collins-Soper frame seem particularly inter-
esting for the KþK− final state. These angular distributions
give information on the polarization state of the produced ϕ
meson. It is a main result of our paper that, according to our

odderon model, the polarization of the ϕ and, as a
consequence, the angular distribution of the kaons in the
Collins-Soper frame are very different for the γ-P- and
O-P-fusion processes. This should be a big asset for an
odderon search. Increasing the value of the cut on the
transverse momenta of kaons improves the signal
(Pomeron-odderon fusion) to the background (photon-
Pomeron fusion) ratio. Of course, in this way the rates
are reduced; see Table II. In general, the μþμ− channel
seems to be less promising in identifying the odderon
exchange. In this case detailed studies of shapes of
dσ=dydiff or/and dσ=d cos θμþ;CS would be very useful in
understanding the general situation. To observe a sizeable
deviation from photoproduction a pt;μþμ− >0.8GeV cut on
the transverse momentum of the μþμ− pair seems neces-
sary. Such a cut reduces then the statistics of the meas-
urement considerably. A combined analysis of both the
KþK− and the μþμ− channels should be the ultimate goal in
searches for odderon exchange. We are looking forward to
first experimental results on single ϕ CEP at the LHC.
In summary, we have presented results for single ϕ CEP

both at the Born level as well as including absorption
effects in the eikonal approximation. We have argued that
the WA102 experimental results at c.m. energy

ffiffiffi
s

p ¼
29.1 GeV leave room for a possible odderon-exchange
contribution there. Then we have turned to LHC energies
where single ϕ CEP can be studied by experiments such as:
ATLAS-ALFA, CMS-TOTEM, ALICE, and LHCb. Using
our results it should be possible to see experimentally if
odderon effects as calculated are present, if our odderon
parameters have to be changed, or if it is only possible to
derive limits on the odderon parameters. We are looking
forward also to relevant data from the lower energy
COMPASS experiment. At high energies the deviations
from the γ-P-fusion contribution can be treated as a signal
of odderon exchange. In our opinion several distributions
should be studied to draw a definite conclusion on the
odderon exchange. So far the odderon exchange was not
unambiguously identified in any reaction. In the present
paper we have shown that for the odderon search the study
of central exclusive production of single ϕ mesons is a
valuable addition and alternative to the study of elastic
proton-proton scattering or production of two ϕ mesons in
the pp → ppϕϕ reaction discussed by us very recently; see
[58]. But the results of our paper are not limited to the
odderon search. We give in the Appendices A and B also
all the necessary formulas for the analyses of ω and ϕ
photoproduction in the framework of our tensor-Pomeron
model. We hope that experimentalists will perform such
analysis using both data from HERA and from ultra-
peripheral Ap collisions at the LHC. Such results will
then be very useful to make refined predictions for ϕ CEP
via the γ-P fusion. This process is not only a background
for an odderon search but also interesting by itself.
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APPENDIX A: OFF-DIAGONAL DIFFRACTIVE
ω → ϕ TRANSITION

In the naive quark model the nucleon has no ss̄ content,
whereas the ϕ meson is a pure ss̄ state (ideal mixing of the
vector mesons). Thus, the coupling of the ϕ meson to the
nucleon is expected to be very weak. In practice there is a
slight deviation from ideal mixing of the vector mesons,
which means that the ϕ meson has a small uūþ dd̄
component. Therefore, one should worry about diffractive
off-diagonal ω → ϕ transitions (ω strongly couples to the
nucleon). We should consider the diagrams shown below in
Fig. 34. How to treat the off-diagonal diffractive transitions
due to Pomeron exchange?
The physical states ω and ϕ are usually written in terms

of flavor eigenstates ω1 and ω8 and the so-called mixing
angle θV [see (B1) of [64] ]

ω ¼ ω8 cos θV þ ω1 sin θV;

−ϕ ¼ −ω8 sin θV þ ω1 cos θV; ðA1Þ

where ω1 ¼ 1ffiffi
3

p ðuūþ dd̄þ ss̄Þ, ω8 ¼ 1ffiffi
6

p ðuūþ dd̄ − 2ss̄Þ.
The mixing angle can be written as:

θV ¼ θV;i − ΔθV: ðA2Þ

The first component corresponds to the so-called ideal
mixing angle and the second one quantifies the deviation
from the ideal mixing. For the ideal mixing angle θV;i
we have:

sin θV;i ¼
ffiffiffi
2

3

r
; cos θV;i ¼

1ffiffiffi
3

p ;

tan θV;i ¼
ffiffiffi
2

p
; θV;i ¼ 54.74°: ðA3Þ

Then it is easy to show, using (A2) and (A3), that:

sin θV ¼
ffiffiffi
2

3

r
cosΔθV −

1ffiffiffi
3

p sinΔθV;

cos θV ¼ 1ffiffiffi
3

p cosΔθV þ
ffiffiffi
2

3

r
sinΔθV: ðA4Þ

Inserting this in (A1) and defining ω0 ¼ 1ffiffi
2

p ðuūþ dd̄Þ
and ϕ0 ¼ −ss̄ the mixing equation reads:

ω ¼ ω0 cosðΔθVÞ þ ϕ0 sinðΔθVÞ;
ϕ ¼ −ω0 sinðΔθVÞ þ ϕ0 cosðΔθVÞ: ðA5Þ

The reverse reads

ω0 ¼ ω cosðΔθVÞ − ϕ sinðΔθVÞ;
ϕ0 ¼ ω sinðΔθVÞ þ ϕ cosðΔθVÞ: ðA6Þ

It is well known that experimentally the angle ΔθV is
small. Thus, the physicalω and ϕ are nearly equal toω0 and
ϕ0, respectively.
Now we consider the PωRω, PωRϕ, PϕRω, and PϕRϕ

vertices for which we assume a structure as in (2.12)
with appropriate coupling constants a and b. In our case
(CEP of ϕ meson in proton-proton collisions) the ωR
(ω Reggeon) is, however, off-mass shell and we neglect
the rather unknown mixing in this Regge-like state and
include mixing in the on-shell ϕ only. We shall argue,
therefore, that in the PωRω and PωRϕ vertices only
the ω0 will couple. In this way we get for our coupling
constants a and b

aPωRω ¼ aPωRω0
cosðΔθVÞ;

bPωRω ¼ bPωRω0
cosðΔθVÞ; ðA7Þ

aPωRϕ ¼ −aPωRω0
sinðΔθVÞ;

bPωRϕ ¼ −bPωRω0
sinðΔθVÞ; ðA8Þ

aPωRϕ

aPωRω
¼ − tanðΔθVÞ;

bPωRϕ

bPωRω
¼ − tanðΔθVÞ: ðA9Þ

In an analogous way we shall assume that in the PϕRω
and PϕRϕ vertices only the ϕ0 will couple. This gives

aPϕRω ¼ aPϕRϕ0
sinðΔθVÞ;

bPϕRω ¼ bPϕRϕ0
sinðΔθVÞ; ðA10Þ

aPϕRϕ ¼ aPϕRϕ0
cosðΔθVÞ;

bPϕRϕ ¼ bPϕRϕ0
cosðΔθVÞ; ðA11Þ

aPϕRω

aPϕRϕ
¼ tanðΔθVÞ;

bPϕRω

bPϕRϕ
¼ tanðΔθVÞ: ðA12Þ

In Sec. II and in Appendix C we consider also the couplings
of the Pomeron to Reggeized vector mesons and vector
mesons. In Appendix B below we need the couplings of the
Pomeron to the off-shell vector mesons at q2 ¼ 0 and the
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vector mesons. We denote here, for clarity, these Reggeized
or off-shell mesons by Ṽ. In the following we shall assume
that

aPωRω ¼ aPω̃ω ¼ aPωω;

aPωRϕ ¼ aPω̃ϕ ¼ − tanðΔθVÞaPωω;
bPωRω ¼ bPω̃ω ¼ bPωω;

bPωRϕ ¼ bPω̃ϕ ¼ − tanðΔθVÞbPωω; ðA13Þ

aPϕRϕ ¼ aPϕ̃ϕ ¼ aPϕϕ;

aPϕRω ¼ aPϕ̃ω ¼ tanðΔθVÞaPϕϕ;
bPϕRϕ ¼ bPϕ̃ϕ ¼ bPϕϕ;

bPϕRω ¼ bPϕ̃ω ¼ tanðΔθVÞbPϕϕ: ðA14Þ

From (A7) to (A14) we obtain the coupling constants to be
inserted in (C34) and (C23).
The deviation ΔθV from the ideal mixing in (A5) can be

estimated through the decay widths of ϕ → π0γ and ω →
π0γ (π0 is assumed not to have any ss̄ component); see
Eq. (B2) of [64]. Using the most recent values from [81] we
have3

gϕγπ0

gωγπ0
¼ −0.137

1.811
¼ −0.076 ðA15Þ

and ΔθV ¼ arctanð0.076Þ ¼ 4.35°. In Refs. [92–94] a
smaller value was found, ΔθV ≃ 3.7°. In the following
we shall use this latter value for ΔθV.

APPENDIX B: PHOTOPRODUCTION OF ω
AND ϕ MESONS

In order to estimate the coupling constants aPωω and
bPωω we consider the reaction γp → ωp. It is known, that
in order to describe the intermediate γp energy region we
should include not only Pomeron exchange but also
subleading Reggeon exchanges. In Fig. 28 we show the
two diagrams with diffractive exchanges which we shall
take into account in our analysis. The diffractive amplitude
for the γp → ωp reaction represented by the diagram (a) of
Fig. 28 can be treated analogously as for the γp → ρ0p
reaction, see Sec. II and Eqs. (2.9)–(2.11) of [52], but with
the replacements: mρ → mω, γρ → γω (see (3.25) of [47]),
aPρρ → aPωω, bPρρ → bPωω. af2Rρρ → af2Rωω, bf2Rρρ →
bf2Rωω. In our case (γp → ωp) the a2R-Reggeon exchange
cannot be neglected due to the large value of the γ-ρ0

coupling constant; see (3.23)–(3.25) of [47]. The propa-
gators for P, f2R, and a2R will be taken as in (3.10), and
(3.12), respectively, of [47]. The couplings of P, f2R, and

a2R to the proton will be taken according to (3.43), (3.49),
and (3.51), respectively, of [47]. Here, in analogy to
γp → ρ0p, we take Λ2

0 ¼ 0.5 GeV2 in the form factor
FMðtÞ; see (2.11) of [52] and (3.34) of [47]. In Fig. 28
the diagram (b) represents the ϕ-ω mixing term to the
process γp → ωp. The procedure for determining the
appropriate constants for this process is outlined below;
see Eqs. (B5), (B6).
In order to estimate the relevant coupling parameters we

shall assume that the f2Rωω couplings are similar to the
f2Rρρ ones. Then we take the default values for the f2Rρρ
and a2Rρω couplings estimated from VMD in Sec. 7.2,
Eqs. (7.31), (7.32), (7.36), and (7.43), of [47]:

af2Rωω ≈ af2Rρρ ¼ 2.92 GeV−3;

bf2Rωω ≈ bf2Rρρ ¼ 5.02 GeV−1; ðB1Þ

aa2Rρω ¼ 2.56 GeV−3; ba2Rρω ¼ 4.68 GeV−1: ðB2Þ

In (B2) we assume that both coupling constants are
positive. To estimate the Pωω coupling constants we use
the relation:

2m2
ωaPωω þ bPωω ¼ 4βPππ ¼ 7.04 GeV−1; ðB3Þ

in analogy to the corresponding one for the ρ meson; see
(7.27) of [47] and (2.13) of [52]. Note that aPωω must be
positive in order to have a positive ωp total cross section for
all ω polarizations. This follows from (7.21) of [47]
replacing there the ρ by the ω meson.
In Fig. 29 we show the cross sections for the γp → ωp

reaction together with the experimental data. From the
comparison of our results to the experimental data, taking
first only the diagrams of Fig. 28(a) into account, we found
that even a small (and positive) value of the aPωω coupling
leads to a reduction of the cross section. Therefore, for
simplicity, we choose aPωω ¼ 0 in (B3). The black solid
line corresponds to the calculation including only the terms
shown in the diagram (a) of Fig. 28. We used here the Pωω
coupling constants

aPωω ¼ 0; bPωω ¼ 7.04 GeV−1 ðB4Þ

and the parameters (B1) and (B2) for the Reggeon
exchanges. We recall that for all exchanges participating

(a) (b)

FIG. 28. Photoproduction of an ω meson (a) via Pomeron and
subleading Reggeon exchanges, and (b) as a result of ϕ-ωmixing.

3To calculate the coupling constants the expression (C8) was
used; see (31) of [64].
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in the diagram (a) we take Λ2
0 ¼ 0.5 GeV2 in the form

factor FMðtÞ; see (3.34) of [47].
Now we include the off-diagonal terms from the diagram

of Fig. 28(b). For estimating the coupling constants aPϕ̃ω
and bPϕ̃ω we use (A14) and the determination of aPϕϕ and
bPϕϕ from the discussion of the γp → ϕp reaction below.
We get with the sets A and B, respectively, withΔθV ¼ 3.7°

set A∶ aPϕ̃ω ¼ 0.05 GeV−3; bPϕ̃ω ¼ 0.23 GeV−1;

Λ2
0;Pϕ̃ω

¼ 1.0 GeV2; ðB5Þ

set B∶ aPϕ̃ω ¼ 0.07 GeV−3; bPϕ̃ω ¼ 0.19 GeV−1;

Λ2
0;Pϕ̃ω

¼ 4.0 GeV2: ðB6Þ

In a similar way the coupling parameters for f2R exchange,
af2Rϕ̃ω and bf2Rϕ̃ω, can be obtained. However, the f2Rϕϕ

couplings are expected to be very small. In practice, we do
not consider an f2R-exchange contribution from the dia-
gram of Fig. 30 below. Here, we neglect also the f2R
exchange from the diagram of Fig. 28(b).
The blue solid line in Fig. 29 corresponds to the

calculation including in addition to the processes from
diagram (a) of Fig. 28 the ϕ-ω mixing effect for the
P exchange [see diagram (b) of Fig. 28]. Our model
calculation describes the total cross section fairly well4

for energies Wγp > 10 GeV. At low γp energies there
are other processes contributing, such as the π0-meson
exchange, and the ω bremsstrahlung; see, e.g., [24,96] for
reviews and details concerning the exclusive ω production.
We nicely describe also the differential cross section
dσ=djtj. We have checked that the complete results
including the ϕ-ω mixing effect with sets A (B5) and B
(B6) differ only marginally.
Next, we discuss the γp → ϕp reaction. At high γp

energies the Pomeron exchange contribution, shown by the
diagram (a) of Fig. 30, is the dominant one; see Sec. IV B
of [57]. As was mentioned in Sec. I, in the low-energy
region the corresponding production mechanism is not well
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FIG. 29. Left panel: The elastic ω photoproduction cross section as a function of the center-of-mass energy Wγp. Our results are
compared with the ZEUS data [95] (at γp average c.m. energy hWγpi ¼ 80 GeV) and with a compilation of low-energy experimental
data (open circles; see the caption of Fig. 2 of [24] for more references). The black solid line corresponds to results with both the
Pomeron and Reggeon (f2R, a2R) exchanges. The black long-dashed line corresponds to the Pomeron exchange alone while the black
short-dashed line corresponds to the Reggeon term. In the calculation we used the parameters of the coupling constants given by (B1),
(B2), and (B4). The blue solid line corresponds to the complete result including the ϕ-ω mixing effect (for the P exchange) with the
parameter set A (B5). Right panel: The differential cross section for the γp → ωp reaction at Wγp ¼ 80 GeV. Our complete results,
without (the black line) and with (the blue line) the mixing effect, are compared to the ZEUS data [95].

(a) (b)

FIG. 30. Photoproduction of a ϕ meson (a) via Pomeron and
subleading f2R exchanges, and (b) as a result of ω-ϕ mixing.

4A slight mismatch of our complete result with the ZEUS data
may be due to the fact that the formula given by Eq. (B3),
assuming that at high energies the total cross section for
transversely polarized ω mesons equals the average of the
π�p cross sections, is an approximate relation.
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established yet. There the nondiffractive processes of the
pseudoscalar π0- and η-meson exchange are known to
contribute and are not negligible due to constructive η-π0

interference; see, e.g., [64,65]. In addition, many other
processes, e.g., direct ϕ meson radiation via the s- and
u-channel proton exchanges [64,71], ss̄-cluster knockout
[63], t-channel σ-, f2ð1270Þ- and f1ð1285Þ-exchanges [70]
were considered. In [70] no vertex form factors were
taken into account for the Reggeized meson exchange
contributions and instead of the f2ð1270Þ-exchange there
one should consider f02-exchange with appropriate param-
eters. However, a peak in the differential cross sections
ðdσ=dtÞt¼tmin

at forward angles around Eγ ∼ 2 GeV
(Wγp ∼ 2.3 GeV) observed by the LEPS [97,98] and
CLAS [99] collaborations cannot be explained by the
processes mentioned above. To explain the near-threshold
bump structure the authors of [67,68,71] propose to include
exchanges with the excitation of nucleon resonances. In
[66,69] another explanation, using the coupled-channel
contributions with the Λð1520Þ resonance, was investi-
gated. In [69] the hadronic box diagrams with the dominant
KΛð1520Þ rescattering amplitude in the intermediate state
were treated only approximately in a coupled-channel
formalism neglecting the real part of the transition
amplitudes.
Implementation of the box diagrams in our four-body

calculation is rather cumbersome. On the other hand, we

expect that they do not play a crucial role for the pp →
ppϕ reaction at the high energies of interest to us here.
In Fig. 31 we show the elastic ϕ photoproduction cross

section as a function of the center-of-mass energy Wγp (left
panel) and the differential cross section dσ=djtj (right
panel). To estimate the Pϕϕ coupling constants we use
the relation [see Eq. (4.20) of [57] ]

2m2
ϕaPϕϕ þ bPϕϕ ¼ 4ð2βPKK − βPππÞ ¼ 5.28 GeV−1:

ðB7Þ
We show results for two parameter sets, set A and set B,

set A∶ aPϕϕ ¼ 0.81 GeV−3; bPϕϕ ¼ 3.60 GeV−1;

Λ2
0;Pϕϕ ¼ 1.0 GeV2; ðB8Þ

set B∶ aPϕϕ ¼ 1.15 GeV−3; bPϕϕ ¼ 2.90 GeV−1;

Λ2
0;Pϕϕ ¼ 4.0 GeV2; ðB9Þ

which were obtained based on the diagrams (a) and (b) of
Fig. 30 including the diffractive ω-ϕ transition terms with

aPω̃ϕ ¼ 0; bPω̃ϕ ¼ −0.46 GeV−1 ðB10Þ

using (A13) and (B4). Similarly we obtain from (A13) and
(B1), (B2)
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FIG. 31. Left panel: The elastic ϕ photoproduction cross section as function of the center-of-mass energy Wγp. Our results are
compared with the HERA data [79] at Wγp ¼ 70 GeV and with a compilation of low-energy experimental data (see the caption of Fig. 6
of [57] for references). The upper lines represent results for two parameter sets, set A and set B, including the ω → ϕ transition terms
with (B10), (B11), (B12). Here we take in (2.19), in set A (B8), Λ2

0;Pϕϕ ¼ 1.0 GeV2 and, in set B (B9), Λ2
0;Pϕϕ ¼ 4.0 GeV2. The lower

red line represents the result for the diagram (a) of Fig. 30 only with the parameter set (B8). Right panel: The differential cross section
dσ=djtj for the γp → ϕp process. We show the ZEUS data at low jtj (at Wγp ¼ 70 GeV and the squared photon virtualityQ2 ¼ 0 GeV2,
solid marks, [79]) and at higher jtj (at Wγp ¼ 94 GeV andQ2 < 0.01 GeV2, open circles, [80]). Again, the results for the two parameter
sets, set A (B8) and set B (B9), are presented.
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af2Rω̃ϕ ¼ − tanðΔθVÞaf2Rωω ¼ −0.19 GeV−3;

bf2Rω̃ϕ ¼ − tanðΔθVÞbf2Rωω ¼ −0.33 GeV−1; ðB11Þ

aa2Rρ̃ϕ ¼ − tanðΔθVÞaa2Rρω ¼ −0.17 GeV−3;

ba2Rρ̃ϕ ¼ − tanðΔθVÞba2Rρω ¼ −0.30 GeV−1: ðB12Þ

Note that the parameter set (B8) for Λ2
0;Pϕϕ ¼ 1.0 GeV2 is

different than found by us in Sec. IV B of [57] (see Fig. 6
there)

aPϕϕ ¼ 0.49 GeV−3; bPϕϕ ¼ 4.27 GeV−1;

Λ2
0;Pϕϕ ¼ 1.0 GeV2; ðB13Þ

where the ω-ϕ mixing effect was not included. For
comparison, the red lower line represents the result without
the ω-ϕ mixing, i.e., it contains only the terms represented
by the diagram (a) of Fig. 30. We can see from Fig. 31
(right panel) that the parameter set B (B9) for Λ2

0;Pϕϕ ¼
4.0 GeV2 with the relevant values of the coupling constants
a and b describes more accurately the t distribution.
In Fig. 32 we show the integrated cross section for the

γp → ϕp reaction at low Wγp energies. We can see that the
diffractive Pomeron and Reggeon exchanges, even includ-
ing the pseudoscalar and scalar meson exchange contribu-
tions, are not sufficient to describe the low-energy data.
Here we want to examine the uncertainties of the photo-
production contribution due to the meson exchanges in the t
channel. In the left panel, for the meson exchanges, we use

the values of the coupling constants and the cutoff
parameters from [64] while in the right panel we choose
ΛM̃NN ¼ ΛϕγM̃ ¼ 1.2 GeV in (C9) and (C10) below.
Our extrapolations of the cross section, using the theory

applicable at high energies, represents the experimental
data roughly on the average. But the scatter of the
experimental data is quite considerable. Thus, it is impos-
sible for us to draw any further conclusions concerning
these low-energy results at the moment.

APPENDIX C: SUBLEADING CONTRIBUTIONS
TO ϕ CEP

In this section we discuss the following subleading
processes contributing to pp → ppϕ. The fusion processes
γ-π0, γ-η, γ-η0, and γ-f0, γ-a0, and fusion processes
involving vector mesons ϕ-P, ω-P, ω-f2R, ρ-π0, ω-η,
and ω-η0. We can have also ω-f0 and ω-f02 contributions.
But these contributions are expected to be very small since
the ϕ is nearly a pure ss̄ state, the ω nearly a pure uūþ dd̄
state. In the following we shall, therefore, neglect such
contributions.
Below we present formulas for ϕ production with

subsequent decay ϕ → KþK−. The formulas for ϕ pro-
duction are obtained from those by the replacement (2.25).
The discussions of the subleading processes for ϕ CEP

are very important for the comparison of our theory with
the WA102 experimental results. See in particular Figs. 5
and 6 of Sec. IVA. At LHC energies the subleading pro-
cesses should be negligible for mid-rapidity ϕ production.
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FIG. 32. The elastic ϕ photoproduction cross section as a function of Wγp integrated over tmin < jtj < 1 GeV2. The theoretical results
are compared with a compilation of low-energy experimental data from [100–102], and [62]. The open data points are taken from [70]
(data was obtained there by integrating over the differential cross sections given in [99]). The solid lines correspond to a coherent sum of
Pomeron, f2R Reggeon, pseudoscalar, and scalar exchanges. For the diffractive component (PþR) we take the set A of parameters
from Fig. 31. The results for the pseudoscalar and scalar exchanges shown in the left panel were obtained with the parameters from [64];
see Appendix C, Sec. I. In the right panel, for comparison, we show results obtained for different values of the cutoff parameters in the
pseudoscalar term. Here we take ΛM̃NN ¼ ΛϕγM̃ ¼ 1.2 GeV in (C9) and (C10).
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In Secs. C 1 and C 2 of this Appendix we discuss γ-
pseudoscalar- and γ-scalar-fusion contributions to ϕ CEP.
The couplings which we find there can also be used to
calculate subleading contributions to photoproduction of
the ϕ meson. The corresponding results are shown together
with the leading contributions in Fig. 32 of Appendix B.

1. γ-pseudoscalar-meson contributions

First we consider processes with pseudoscalar meson
M̃ ¼ π0; η; η0 exchanges. The generic diagrams for these
contributions are shown in Fig. 33(a), (b). We have for the
total γ-pseudoscalar-meson-fusion contribution

ð3ÞMðϕ→KþK−Þ
pp→ppKþK− ¼

X
M̃¼π0;η;η0

ðMðγM̃Þ
pp→ppKþK− þMðM̃γÞ

pp→ppKþK−Þ:

ðC1Þ

The γ-M̃ amplitude can be written as

MðγM̃Þ
pp→ppKþK− ¼ ð−iÞūðp1; λ1ÞiΓðγppÞ

μ ðp1; paÞuðpa; λaÞ
× iΔðγÞμρ1ðq1ÞiΓðϕγM̃Þ

ρ2ρ1 ðp34; q1Þ
× iΔðϕÞρ½2κðp34ÞiΓðϕKKÞ

κ ðp3; p4Þ
× iΔðM̃Þðt2Þūðp2; λ2ÞiΓðM̃ppÞðp2; pbÞ
× uðpb; λbÞ: ðC2Þ

For the M̃-proton vertex we have (see (3.4) of [55])

iΓðM̃ppÞðp0; pÞ ¼ −γ5gM̃ppF
ðM̃ppÞððp0 − pÞ2Þ: ðC3Þ

We take gπpp ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4π × 14.0

p
, gηpp ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4π × 0.99
p

; see
Eqs. (28) and (29) of [64].
An effective Lagrangian for the ϕγM̃ coupling is given in

(22) of [64]

L0
ϕγM̃

¼ egϕγM̃
mϕ

εμναβð∂μϕνÞð∂αAβÞM̃ ðC4Þ

with Aβ the photon field and gϕγM̃ a dimensionless coupling
constant. From this we get the ϕγM̃ vertex, including a
form factor, as follows

ðC5Þ

We use a factorized ansatz for the ϕγM̃ form factor

F̃ðϕγM̃Þðp2
34; q

2
1; ðp34 − q1Þ2Þ

¼ F̃ðγÞðq21ÞF̃ðϕÞðp2
34ÞFðϕγM̃Þððp34 − q1Þ2Þ: ðC6Þ

Based on considerations of the vector-meson-dominance
model (VMD) we write the F̃ðγÞ form factor as

F̃ðγÞðq21Þ ¼
m2

V

m2
V − q21

F̃ðVÞðq21Þ ðC7Þ

with V ¼ ρ0 for M̃ ¼ π0 and V ¼ ω for M̃ ¼ η; η0. For the
form factors F̃ðVÞ we choose the form as for F̃ðϕÞ in (2.20)
replacing ϕ by V ¼ ρ0;ω.
The effective coupling constant gϕγM̃ is related to the

decay width of ϕ → γM̃, see (31) of [64],

Γðϕ → γM̃Þ ¼ α

24

ðm2
ϕ −m2

M̃
Þ3

m5
ϕ

jgϕγM̃j2: ðC8Þ

Using the most recent values from [81], and taking
the negative signs as in [64], we have found gϕγπ0 ¼
−0.137, gϕγη ¼ −0.705, and jgϕγη0 j ¼ 0.726. Note that

(a) (b)

FIG. 33. The Born-level diagrams for central-exclusive pro-
duction of ϕ decaying to KþK− in proton-proton collisions with
pseudoscalar meson M̃ exchange: (a) γ-M̃ fusion; (b) M̃-γ fusion.
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jgϕγη0 j > jgϕγηj. But the contribution of η0 exchange is
suppressed relative to the η exchange because of the heavier
mass occurring in the propagator and of the smaller value of
gη0pp ≃ gηpp=2, where we follow [64]. However, we note
that there is no consensus on this latter relation in the
literature. In [103] gη0pp ≅ 6.1 and gηpp ¼ 6.14 are given.
We follow [64,65,69] and use monopole ansätze for the

form factors FðM̃ppÞ (C3) and FðϕγM̃Þ (C6)

FðM̃ppÞðtÞ ¼ Λ2
M̃NN

−m2
M̃

Λ2
M̃NN

− t
; ðC9Þ

FðϕγM̃ÞðtÞ ¼
Λ2
ϕγM̃

−m2
M̃

Λ2
ϕγM̃

− t
: ðC10Þ

The cutoff parameters ΛπNN ¼ 0.7 GeV, Λϕγπ ¼ 0.77 GeV,
ΛηNN ¼ 1.0 GeV, Λϕγη ¼ 0.9 GeV are taken from [64].
To examine uncertainties of the photoproduction con-

tribution in the pp → ppϕ reaction we intend to show also
the result with ΛM̃NN ¼ 1.2 GeV and ΛϕγM̃ ¼ 1.2 GeV in
(C9) and (C10), respectively, which are slightly different
from the values given in [64]. This choice of parameters
was used in [68]; see Sec. II B there.
In Appendix B we discuss the γp → ϕp reaction. There

we compare our model calculations for different parameter
sets with the experimental data.
Inserting (C3)–(C10) in (C2) we can write the amplitude

for the γM̃ exchange as follows

MðγM̃Þ
pp→ppKþK−

¼ ie2ūðp1;λ1Þ
�
γαF1ðt1Þþ

i
2mp

σαα
0 ðp1−paÞα0F2ðt1Þ

�

×uðpa;λaÞ
1

t1

gϕγM̃
mϕ

εβαρσp
ρ
34q

σ
1F̃

ðϕγM̃Þðp2
34;q

2
1;q

2
2Þ

×ΔðϕÞ
T ðp2

34Þ
gϕKþK−

2
ðp3−p4ÞβFðϕKKÞðp2

34Þ

×
1

t2−m2
M̃

gM̃ppF
ðM̃ppÞðt2Þūðp2;λ2Þγ5uðpb;λbÞ: ðC11Þ

The amplitude MðM̃γÞ
pp→ppKþK− is obtained from (C11) with

the replacements (2.23).

2. γ-scalar-meson contributions

Next we turn to the amplitudes for ϕ production through
the fusion of γ with scalar mesons S ¼ f0ð500Þ; f0ð980Þ,
and a0ð980Þ. Their contribution is

ð4ÞMðϕ→KþK−Þ
pp→ppKþK−

¼
X

S¼f0ð500Þ;f0ð980Þ;a0ð980Þ
ðMðγSÞ

pp→ppKþK− þMðSγÞ
pp→ppKþK−Þ:

ðC12Þ

The generic diagrams for these contributions are as in
Fig. 33 with M̃ replaced by S. The same applies to the
analytic expressions. We get MðγSÞ from MðγM̃Þ in (C2)

replacing ΓðϕγM̃Þ
ρ2ρ1 , ΔðM̃Þ, and ΓðM̃ppÞ by ΓðϕγSÞ

ρ2ρ1 , ΔðSÞ, and
ΓðSppÞ, respectively. We use the following expressions
for the S-proton and for the ϕγS effective coupling
Lagrangians, see (34) and (35), respectively, of [64],

L0
Spp ¼ gSppp̄pS; ðC13Þ

L0
ϕγS ¼

egϕγS
mϕ

ð∂αϕβÞð∂αAβ − ∂βAαÞS: ðC14Þ

From these we get the vertices including form factors, as
follows, where the momentum flow and the indices are
chosen as for the M̃pp and ϕγM̃ vertices, respectively, see
(C3) and (C5),

iΓðSppÞðp0; pÞ ¼ igSppFðSppÞððp0 − pÞ2Þ; ðC15Þ

iΓðϕγSÞ
μν ðp34; q1Þ ¼ −ie

gϕγS
mϕ

½q1μp34ν − ðp34 · q1Þgμν�

× F̃ðϕγSÞðp2
34; q

2
1; ðp34 − q1Þ2Þ: ðC16Þ

For the contributions of scalar exchangeswe take the para-
meters found in Appendix C of [64]: gϕγf0ð500Þ ¼ 0.047,
gf0ð500Þpp ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4π × 8.0
p

, gϕγf0ð980Þ ¼ −1.81, gf0ð980Þpp ¼
0.56, gϕγa0ð980Þ ¼ −0.16, ga0ð980Þpp ¼ 21.7. For f0ð500Þ
the monopole form of the form factors as in (C9) and
(C10) with M̃ replaced by f0ð500Þ and Λf0ð500ÞNN ¼
Λϕγf0ð500Þ ¼ 2 GeV is used. For the heavier mesons
[f0ð980Þ and a0ð980Þ] the following compact form is
used [64]:

FðSppÞðtÞFðϕγSÞðtÞ ¼ Λ4
S

Λ4
S þ ðt −m2

SÞ2
; ΛS ¼ 0.6 GeV:

ðC17Þ
The final expression for the γS-exchange amplitude in

(C12) reads

MðγSÞ
pp→ppKþK−

¼ e2ūðp1; λ1Þ
�
γαF1ðt1Þ þ

i
2mp

σαα
0 ðp1 − paÞα0F2ðt1Þ

�

× uðpa; λaÞ

×
1

t1

gϕγS
mϕ

½q1βp34α − ðp34 · q1Þgβα�F̃ðϕγSÞðp2
34; q

2
1; q

2
2Þ

× ΔðϕÞ
T ðp2

34Þ
gϕKþK−

2
ðp3 − p4ÞβFðϕKKÞðp2

34Þ

×
1

t2 −m2
S
gSppFðSppÞðt2Þūðp2; λ2Þuðpb; λbÞ: ðC18Þ
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For MðSγÞ
pp→ppKþK− we have to make the replacements

(2.23).

3. ϕ-P and ω-P contributions

Here we discuss two approaches, Reggeized-vector-
meson-exchange approach (I) and Reggeon-exchange
approach (II). For the second approach the corresponding
diagrams are shown in Fig. 34.
First we consider the contributions through the vector

mesons V ¼ ϕ and ω:

ð5ÞMðϕ→KþK−Þ
pp→ppKþK− ¼

X
V¼ϕ;ω

ðMðVPÞ
pp→ppKþK− þMðPVÞ

pp→ppKþK−Þ:

ðC19Þ

The amplitude for the VP-exchange can be written as

MðVPÞ
pp→ppKþK−

¼ ð−iÞūðp1; λ1ÞiΓðVppÞ
μ ðp1; paÞuðpa; λaÞ

× iΔðVÞμρ1ðq1ÞiΓðPVϕÞ
ρ2ρ1αβ

ðp34; q1Þ
× iΔðϕÞρ2κðp34ÞiΓðϕKKÞ

κ ðp3; p4Þ
× iΔðPÞαβ;δηðs2; t2Þūðp2; λ2ÞiΓðPppÞ

δη ðp2; pbÞuðpb; λbÞ:
ðC20Þ

The V-proton vertex is

iΓðVppÞ
μ ðp0; pÞ ¼ −igVppFðVppÞðtÞ½γμ − i

κV
2mp

σμνðp0 −pÞν�;

ðC21Þ

with the tensor-to-vector coupling ratio, κV ¼ fVpp=gVpp.
Following [103] we assume κϕ ¼ κω to be in the range
≃� 0.5, gϕpp ¼ −0.6 and gωpp ¼ 9.0; see also [104].
Thus, the tensor term in (C21) is small and in the
calculation we take the vectorial term only with gϕpp ¼
−0.6 and gωpp ¼ 8.65. This latter value was determined
in Sec. 6.3 of [47] and, as discussed there, we
assume gωpp ¼ gωRpp.

We also make the assumption that the t-dependence of
the V-proton coupling can be parametrized in a simple
exponential form

FðVppÞðtÞ ¼ exp

�
t −m2

V

Λ2
VNN

�
; ΛVNN ¼ 1 GeV: ðC22Þ

This form factor is normalized to unity when the vector
meson V is on its mass shell, i.e., when t ¼ m2

V .
The amplitude for the VP-exchange can now be

written as

MðVPÞ
pp→ppKþK−

¼ −igVppFðVppÞðt1Þūðp1; λ1Þγαuðpa; λaÞ
× ΔðVÞ

T ðt1ÞΔðϕÞ
T ðp2

34Þ
gϕKþK−

2
ðp3 − p4ÞβFðϕKKÞðp2

34Þ

× ½2aPVϕΓð0Þ
βακλðp34;−q1Þ − bPVϕΓ

ð2Þ
βακλðp34;−q1Þ�

× FMðq22ÞF̃ðVÞðq21ÞF̃ðϕÞðp2
34Þ

1

2s2
ð−is2α0PÞαPðt2Þ−13βPNN

× F1ðt2Þūðp2; λ2Þ½γκðp2 þ pbÞλ�uðpb; λbÞ: ðC23Þ

For the Pϕϕ and Pωϕ coupling vertices and constants see
the discussion in the Appendices A and B.
For small values of s1 ¼ ðp1 þ p34Þ2 the standard form

of the vector-meson propagator factor ΔðVÞ
T ðt1Þ in (C23)

should be adequate; see (2.16) for V ¼ ϕ. For higher values
of s1 we must take into account the Reggeization. We do
this, following (3.21), (3.24) of [58], by making in the
amplitude MðVPÞ (C23) the replacement

ΔðVÞ
T ðt1Þ → ΔðVÞ

T ðt1Þðexpðiϕðs1ÞÞs1α0VÞαVðt1Þ−1; ðC24Þ

ϕðs1Þ ¼
π

2
exp

�
sthr − s1
sthr

�
−
π

2
; ðC25Þ

where sthr is the lowest value of s1 (2.4) possible here:

sthr ¼ ðmp þ 2mKÞ2: ðC26Þ

Note, that in (C24) we take s1α0V instead of s1=sthr as in
(3.21) of [58]. We assume for the Regge trajectories

αVðtÞ ¼ αVð0Þ þ α0Vt; V ¼ ϕ;ω; ðC27Þ

αϕð0Þ ¼ 0.1; α0ϕ ¼ 0.9 GeV−2; ðC28Þ

αωð0Þ ¼ 0.5; α0ω ¼ 0.9 GeV−2; ðC29Þ

see Eq. (5.3.1) of [105].
Alternatively, we shall consider the exchange of the

Reggeons ϕR and ωR instead of the mesons ϕ and ω as
discussed above. We recall that C ¼ −1 exchanges

(a) (b)

FIG. 34. The Born-level diagrams for diffractive production of
a ϕ meson with the subsequent decay ϕ → KþK−: (a) Reggeon-
Pomeron fusion; (b) Pomeron-Reggeon fusion.
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(ωR, ϕR) are treated as effective vector exchanges in our
model. In order to obtain the ωRP-exchange amplitude we
make in (C20) the following replacements:

ΓðVppÞ
μ ðp1; paÞ → ΓðωRppÞ

μ ðp1; paÞ; ðC30Þ

ΔðVÞμρ1ðq1Þ → ΔðωRÞμρ1ðs1; t1Þ; ðC31Þ

ΓðPVϕÞ
ρ2ρ1αβ

ðp34; q1Þ → ΓðPωRϕÞ
ρ2ρ1αβ

ðp34; q1Þ: ðC32Þ

We take the corresponding terms (C30) and (C31) from
(3.59)–(3.60) and (3.14)–(3.15) of [47], respectively. In
(C32) we use the relations (A13) and (B10) and we take the
factorized form for the PωRϕ form factor

FðPωRϕÞðq22; q21; p2
34Þ ¼ FMðq22ÞFMðq21ÞFðϕÞðp2

34Þ ðC33Þ

with FMðq2Þ as in (2.19) but with Λ2
0 ¼ 0.5 GeV2 and

FðϕÞðp2
34Þ ¼ FðϕKKÞðp2

34Þ; see (2.21). Then, the ωRP-
exchange amplitude can be written as

MðωRPÞ
pp→ppKþK−

¼ igωRppF1ðt1Þūðp1; λ1Þγαuðpa; λaÞ
1

M2
−
ð−is1α0ωR

ÞαωR ðt1Þ−1

× ΔðϕÞ
T ðp2

34Þ
gϕKþK−

2
ðp3 − p4ÞβFðϕKKÞðp2

34Þ

× ½2aPωRϕΓ
ð0Þ
βακλðp34;−q1Þ − bPωRϕΓ

ð2Þ
βακλðp34;−q1Þ�

× FðPωRϕÞðq22; q21; p2
34Þ

1

2s2
ð−is2α0PÞαPðt2Þ−13βPNN

× F1ðt2Þūðp2; λ2Þ½γκðp2 þ pbÞλ�uðpb; λbÞ: ðC34Þ

We use for the parameterM− in theωR propagator the value
found in (3.14), (3.15) of [47]

M− ¼ 1.41 GeV: ðC35Þ

In a similar way we obtain the ϕRP-exchange amplitude.
We assume that gϕRpp ¼ gϕpp.
The MðPVÞ and MðPVRÞ amplitudes are obtained from

(C23) and (C34), respectively, with the replacements
(2.23).
For the WA102 energy,

ffiffiffi
s

p ¼ 29.1 GeV, also the sec-
ondary f2R exchange may play an important role. Settingffiffiffiffiffi
s1

p ≈ ffiffiffiffiffi
s2

p
[

ffiffiffiffiffi
s1

p
and

ffiffiffiffiffi
s2

p
are the energies of the subpro-

cesses pðpaÞPðq2Þ → pðp1Þϕðp34Þ and pðpbÞPðq1Þ →
pðp2Þϕðp34Þ, respectively] and using the relation s1s2 ≈
sm2

ϕ we obtain
ffiffiffiffiffi
s1

p ≈ ffiffiffiffiffi
s2

p ≈ 5.4 GeV. Therefore, in inter-
preting the WA102 data it is necessary to take possible
contributions from ω-f2R and ωR-f2R exchanges into
account, in addition to the ω-P and ωR-P exchanges.
In a way similar to (C20)–(C34) we can write the

amplitudes for the ω-f2R and ωR-f2R exchanges, since

both, P and f2R exchange, are treated as tensor exchanges
in our model. The effective f2R-proton vertex function and
the f2R propagator are given in [47] by Eqs. (3.49) and
(3.12), respectively. As an example, the ωRf2R-exchange
amplitude can be written as in (C34) with the following
replacements:

αPðtÞ → αRþðtÞ; ðC36Þ

3βPNN →
gf2Rpp
M0

; ðC37Þ

aPωRϕ → af2RωRϕ; bPωRϕ → bf2RωRϕ; ðC38Þ

FðPωRϕÞ → Fðf2RωRϕÞ: ðC39Þ

We take αRþðtÞ ¼ αRþð0Þ þ α0Rþt, αRþð0Þ ¼ 0.5475,
α0Rþ ¼ 0.9 GeV−2 from (3.13) of [47] and gf2Rpp ¼
11.04, M0 ¼ 1 GeV from (3.50) of [47]. For the
f2RωRϕ coupling parameters we assume that af2RωRϕ ¼
af2Rω̃ϕ, bf2RωRϕ ¼ bf2Rω̃ϕ and use the relations (B11). We
assume that Fðf2RωRϕÞ ¼ FðPωRϕÞ (C33) and take Λ2

0 ¼
0.5 GeV2.
In addition, we could have also the ρ-a2R and ρR-a2R

exchanges, but the couplings of ρR and a2R to the protons
are much smaller than those of ωR and f2R; see (3.62),
(3.52), (3.60), and (3.50) of [47]. Therefore, we neglect the
ρ-a2R and ρR-a2R terms in our considerations.

4. ρ-π0 contribution

Finally, we consider the contribution from ρπ0, respec-
tively ρRπ

0, fusion.

ð6ÞMðϕ→KþK−Þ
pp→ppKþK− ¼ Mðρπ0Þ

pp→ppKþK− þMðπ0ρÞ
pp→ppKþK− : ðC40Þ

For the ρ-π0 amplitude we have

Mðρπ0Þ
pp→ppKþK−

¼ ð−iÞūðp1; λ1ÞiΓðρppÞ
μ ðp1; paÞuðpa; λaÞ

× iΔðρÞμρ1ðq1ÞiΓðϕρπ0Þ
ρ2ρ1 ðp34; q1Þ

× iΔðϕÞρ2κðp34ÞiΓðϕKKÞ
κ ðp3; p4Þ

× iΔðπ0Þðt2Þūðp2; λ2ÞiΓðπ0ppÞðp2; pbÞuðpb; λbÞ: ðC41Þ

The ρ-proton vertex is given by (C21) and (C22) with
V ¼ ρ. The ϕρπ0 vertex is as the ϕγM̃ vertex in (C5) with
the replacements

γ → ρ; M̃ → π0; egϕγM̃ → gϕρπ0 : ðC42Þ

The proton-π0 vertex is given in (C3).
Then the ρ-π0 amplitude can be written as
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Mðρπ0Þ
pp→ppKþK− ¼ igρppFðρppÞðt1Þūðp1; λ1Þ

�
γα − i

κρ
2mp

σαα
0 ðp1 − paÞα0

�
uðpa; λaÞ

× ΔðρÞ
T ðt1ÞΔðϕÞ

T ðp2
34Þ

gϕKþK−

2
ðp3 − p4ÞβFðϕKKÞðp2

34Þ

×
gϕρπ
mϕ

εβαρσp
ρ
34q

σ
1F̃

ðρÞðq21ÞF̃ðϕÞðp2
34ÞFðϕρπ0Þðq22Þ

×
1

t2 −m2
π0
gπ0ppF

ðπ0ppÞðt2Þūðp2; λ2Þγ5uðpb; λbÞ: ðC43Þ

We take gρpp ¼ 3.72, κρ ¼ 6.1, and gϕρπ ¼ −1.258 from
[69]. Here we choose monopole form factors (C9) and
(C10) with Λπ0pp ¼ 1.2 GeV and Λϕρπ0 ¼ 1.2 GeV, re-
spectively. However, in [103] smaller numerical values can
be found, gρpp ¼ 2.63–3.36 and gϕρπ ¼ −0.65, respec-
tively. Therefore, our result should be considered rather
as an upper limit for the ρ-π0 contribution.
The Reggeization of the ρ-meson propagator in the

t-channel in Mðρπ0Þ is taken into account here by the pre-
scription (C24) for V ¼ ρ. We assume for the ρ trajectory

αρðtÞ ¼ αρð0Þ þ α0ρt; ðC44Þ
αρð0Þ ¼ 0.5; α0ρ ¼ 0.9 GeV−2: ðC45Þ

The amplitude Mðπ0ρÞ is obtained from Mðρπ0Þ (C41) by
the replacements (2.23).
In principle we can also have ω-η and ω-η0 fusion

contributions. gϕωη and gϕωη0 cannot be obtained from
mesonic decays. Then one could rely only on models.
Due to these model uncertainties of the coupling constants
for the ω-η and ω-η0 fusion processes we neglect these
contributions in our present study.

APPENDIX D: THE COLLINS-SOPER FRAME

To make our present article self contained we give here
the definition of the Collins-Soper (CS) frame used in our

paper; see [59] and for general remarks on various reference
frames of this type Appendix A of [39].
We go to the KþK− or μþμ− rest frame for studying the

reactions (2.1) or (3.1), respectively. Let pa, pb be the three-
momenta of the initial protons in this system. We define the
unit vectors

p̂a ¼ pa=jpaj; p̂b ¼ pb=jpbj: ðD1Þ

The CS frame is then defined by the coordinate-axes unit
vectors

e1;CS ¼
p̂a þ p̂b
jp̂a þ p̂bj

;

e2;CS ¼
p̂a × p̂b
jp̂a × p̂bj

;

e3;CS ¼
p̂a − p̂b
jp̂a − p̂bj

: ðD2Þ

The angles θKþ;CS and ϕKþ;CS, respectively θμþ;CS and
ϕμþ;CS, are the polar and azimuthal angles of the momen-
tum vector p̂3 in this system. We have then, e.g.,

cos θKþ;CS ¼ p̂3 · e3;CS: ðD3Þ
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