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We discuss central-exclusive production (CEP) of photons via different fusion processes in the reaction
pp → ppγ at high energies, available at RHIC and LHC, within the tensor-Pomeron model. We consider
two types of processes, the photoproduction contribution via the photon-Pomeron and photon-Reggeon
fusion reactions, and the purely diffractive contribution via the Reggeon-Pomeron and Odderon-Pomeron
fusion reactions. We present predictions for the measurements of photons at midrapidity, jyj < 2.5, and at
relatively low transverse momentum, 0.1 GeV < k⊥ < 1 GeV. To check the main results of our study the
measurement of the outgoing protons is not necessary. This is of relevance, e.g., for the present version of
the ALICE detector at the LHC. Several differential distributions, for instance, in y, k⊥, and ω, the rapidity,
the absolute value of the transverse momentum, and the energy of the photon, respectively, are presented.
We show that the photoproduction is an important process in the kinematic region specified above. There it
gives a much larger cross section than diffractive bremsstrahlung where the basic pp → pp reaction is due
to strong interaction diffraction. This is remarkable as the CEP cross section is of order α3em whereas the
bremsstrahlung one is only of order αem. On the other hand, the soft-photon bremsstrahlung is more
important than CEP in the forward rapidity range, jyj > 4, and/or at very low k⊥. We leave it as a challenge
for the planned ALICE 3 experiment at the LHC to study these two contributions to soft photon production
in pp collisions. This could shed new light on the so-called “soft photon puzzle” in hadron-hadron
collisions.

DOI: 10.1103/PhysRevD.107.074014

I. INTRODUCTION

In this article we continue our investigations of exclusive
photon production in high-energy hadronic collisions in
the tensor-Pomeron approach. In [1] we have treated ππ
scattering without and with photon radiation. In [2] we have
discussed the soft-photon bremsstrahlung in the pp → ppγ
reaction. In the present paper we extend our considerations
to central-exclusive production (CEP) processes of single
photon in high-energy proton-proton collisions.
The pp → ppγ reaction was not yet measured at high

energies. There is, however, a plan for a new multipurpose

detector at the LHC, ALICE 3 [3–6], that would be able to
measure ultrasoft photons at very low transverse momen-
tum in pp, pA, and AA collisions. The main aim of our
paper is to discuss CEP processes in the exclusive pp →
ppγ reaction at low transverse momentum of the photon for
the LHC energy range.
A measurement of the soft-photon production at the LHC

could shed light on a long-standing discrepancy between the
theoretical predictions of the bremsstrahlung, based on
Low’s theorem [7], and the measured soft-photon spectra
in several hadronic reactions. For experiments on soft photon
production see Refs. [8–19]. Overviews of the experimental
and theoretical status of this “soft photon puzzle” are given
in [4,20]. The question is if there is production of so called
“anomalous soft photons,” and if so, what is the origin of
these photons. From our point of view the origin of such
anomalous terms should be searched for in nonperturbative
QCDprocesses. In this paperwewill consider a conventional
source of “anomalous photons,” that is, photons from CEP
reactions. For unconventional sources of anomalous photons
see, e.g., Refs. [21,22] and the review in [20].
In order to calculate the cross section for pp → ppγ

we use the tensor-Pomeron and vector-Odderon model
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proposed in [23]. In this model, the charge-conjugation
C ¼ þ1 exchanges, that is, the Pomeron P and the
Reggeons Rþ ¼ f2R, a2R are treated as effective rank-2
symmetric tensor exchanges, the C ¼ −1 Odderon O and
the Reggeons R− ¼ ωR, ρR are described as effective
vector exchanges. In [24] the helicity structure of high-
energy pp elastic scattering at small momentum transfers
was calculated. It was shown there that the STAR data [25]
exclude a scalar character of the Pomeron-proton coupling
but are perfectly compatible with the tensor-Pomeron
model. The assumption of a vector character for the
Pomeron couplings has theoretical and experimental prob-
lems as discussed in [24,26]. In [26] it was shown that for a
Pomeron coupling to photons like a vector its contribution
to real Compton scattering and hence to the total γp
photoabsorption cross section vanishes exactly. A further
result of [26] is that a vector Pomeron cannot contribute to
the forward virtual Compton amplitude which leads to the
conclusion of its decoupling in the structure functions of
low-x deep inelastic scattering (DIS). On the other hand,
the data for the total γp photoabsorption cross section and
the low-x structure functions clearly indicate that at high
energies Pomeron exchange must be present as a main
contribution. And indeed, in the tensor-Pomeron model a
very satisfactory fit of these data was obtained; see
Ref. [26]. Applications of the tensor-Pomeron concept
were given for photoproduction of pion pairs in [27] and
for a number of diffractive CEP reactions in pp collisions
at high energies [28–39].
Several processes contribute to the pp → ppγ reaction.

One of them is CEP of single photons through the γ − P-
fusion process. In order to calculate the relevant amplitudes
we need the Pγγ coupling functions. In addition to the
γ − P-fusion process we shall also estimate the subleading
γ − f2R-fusion process. The Ansätze for the relevant
vertices for real and virtual photons are discussed in
[23,26,40]. The Q2 and t dependencies of the coupling
functions in the Pomeron/Reggeon-photon-photon vertices
must be determined from a comparison to experimental
data. We shall use the parametrizations obtained in [40]
from a comparison of the tensor-Pomeron model to the
elastic γp-scattering data from FNAL and to the deeply
virtual Compton scattering (DVCS) data measured at
HERA. The CEP of photons via the γ − P-fusion process
can be expected to populate preferentially the midrapidity
region as was discussed earlier in [41] within another
approach. In the present paper, we shall also discuss CEP of
single photons through the R− − P, R− −Rþ, O − P, and
O −Rþ fusion processes within the tensor-Pomeron and
vector-Odderon approach [23]. Wewish to estimate the size
of the cross sections for these processes for the LHC energy
range. In a first approximation we neglect absorption
effects due to the proton-proton interactions.
Our paper is organized as follows. In the next section

we give analytic expressions for the amplitudes for the

pp → ppγ reaction. Different CEP fusion processes such as
γ − P, ρR − P, and O − P are discussed. The results of our
calculations are presented in Sec. III. Section IV contains a
summary and our conclusions. In Appendix A we list the
expressions for the effective propagators and vertices used
in our model. Appendix B is devoted to an approximate
calculation of pp → ppγ using the method of the equiv-
alent photon spectrum. This gives us an understanding of
the size of the cross sections obtained with our model. In
Appendix C we discuss the CEP mechanism for photons in
the soft photon limit k → 0, where k is the photon’s four-
momentum.

II. THEORETICAL FORMALISM

We consider the reaction

pðpa; λaÞ þ pðpb; λbÞ
→ pðp0

1; λ1Þ þ pðp0
2; λ2Þ þ γðk; ϵÞ: ð2:1Þ

The momenta are indicated in brackets, the helicities of the
protons are denoted by λa; λb; λ1; λ2 ∈ f1=2;−1=2g, and ϵ
is the polarization vector of the photon.
The kinematic variables are

s ¼ ðpa þ pbÞ2 ¼ ðp0
1 þ p0

2 þ kÞ2;
q1 ¼ pa − p0

1; t1 ¼ q21;

q2 ¼ pb − p0
2; t2 ¼ q22;

s1 ¼ W2
1 ¼ ðp0

1 þ kÞ2 ¼ ðpa þ q2Þ2;
s2 ¼ W2

2 ¼ ðp0
2 þ kÞ2 ¼ ðpb þ q1Þ2;

u1 ¼ ðpa − p0
2Þ2; u2 ¼ ðpb − p0

1Þ2: ð2:2Þ

In the overall c.m. system we choose the 3 axis in the
direction of pa. The rapidity of the photon is then

y ¼ 1

2
ln

k0 þ k3

k0 − k3
¼ − ln tan

θ

2
; ð2:3Þ

where θ is the polar angle of k, k3 ¼ jkj cos θ.
Furthermore, ω ¼ k0 is the energy of the photon,
ω ¼ jk⊥j cosh y.
The T -matrix element for the reaction (2.1) is

hpðp0
1; λ1Þ; pðp0

2; λ2Þ; γðk; ϵÞjT jpðpa; λaÞ; pðpb; λbÞi
¼ ðϵμÞ�MðtotalÞ

μ ðpa; λa;pb; λb;p0
1; λ1;p

0
2; λ2; kÞ: ð2:4Þ

The amplitude must be antisymmetric under interchange of
the two final protons

MðtotalÞ
μ ðpa; λa;pb; λb;p0

1; λ1;p
0
2; λ2; kÞ

¼ −MðtotalÞ
μ ðpa; λa;pb; λb;p0

2; λ2;p
0
1; λ1; kÞ ð2:5Þ
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and gauge invariance requires

kμMðtotalÞ
μ ¼ 0: ð2:6Þ

We are interested in high c.m. energies
ffiffiffi
s

p
and small

momentum transfers jt1j, jt2j:
ffiffiffi
s

p
≫ mp; jt1j; jt2j≲ cm2

p; c ¼ Oð1Þ: ð2:7Þ

In this kinematic region the amplitude (2.4) is governed by
t-channel exchanges. Let us denote the corresponding
amplitude by

Mðt‐channelÞ
μ ðpa; λa;pb; λb;p0

1; λ1;p
0
2; λ2; kÞ: ð2:8Þ

With the exchange of the final-state protons we get the
u-channel exchange amplitude,

Mðu‐channelÞ
μ ¼ Mðt‐channelÞ

μ jðp0
1
;λ1Þ↔ðp0

2
;λ2Þ: ð2:9Þ

The total amplitude for (2.1) is then

MðtotalÞ
μ ¼ Mðt‐channelÞ

μ −Mðu‐channelÞ
μ : ð2:10Þ

In the kinematic region (2.7) the u-channel-exchange term
on the right-hand side (rhs) of (2.10) is expected to give
negligible contribution. Therefore, in the following we omit

the term Mðu‐channelÞ
μ in our considerations and, for brevity

of notation, we set

Mμ ≡Mðt‐channelÞ
μ : ð2:11Þ

As discussed in Sec. II C of Ref. [2] the cross section for
the photon yield can then be calculated as follows

dσðpp → ppγÞ

¼ 1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

pÞ
q d3k

ð2πÞ32k0
Z

d3p0
1

ð2πÞ32p00
1

d3p0
2

ð2πÞ32p00
2

× ð2πÞ4δð4Þðp0
1 þ p0

2 þ k − pa − pbÞ

×
1

4

X
p spins

MμM�
νð−gμνÞ; ð2:12Þ

see Eq. (2.35) of Ref. [2].
In the calculations we can consider the amplitude

Mμ (2.11) as a sum due to the bremsstrahlung (BS) and
the CEP processes contributing to pp → ppγ1:

Mμ ¼ MðBSÞ
μ þMðCEPÞ

μ : ð2:13Þ

The amplitude MðBSÞ
μ corresponds to diffractive brems-

strahlung discussed in [2]; see the diagrams (a)–(f) of Fig. 3
there. In this mechanism, the amplitudes corresponding to
photon emission from the external protons are determined
by the off-shell pp elastic scattering amplitude and the
contact terms needed in order to satisfy gauge-invariance
constraints. For details how to calculate the bremsstrahlung
contribution in our approach we refer the reader to Sec. II
and Appendix B of Ref. [2].
The amplitude for central-exclusive production (CEP) of

photons is given by the sum of the contributions from the
relevant fusion processes

MðCEPÞ
μ ¼ Mðγ−PÞ

μ þMðγ−RþÞ
μ þMðR−−PÞ

μ þMðR−−RþÞ
μ

þMðO−PÞ
μ þMðO−RþÞ

μ : ð2:14Þ

Here, Rþ denotes the C ¼ þ1 Reggeons (f2R; a2R), and
R− denotes the C ¼ −1 Reggeons (ωR; ρR). Different
fusion processes should be considered, these involving
the photon, γ − P and γ −Rþ, as well as purely diffractive
contributions R− − P, R− −Rþ, O − P, and O −Rþ. In
fact, we consider the exchange of soft (P1) and hard (P0)
Pomeron. Thus, P in (2.14) stands for the sum of P1 and
P0, Rþ for f2R and a2R, and R− for ωR and ρR.
It is interesting to list the leading order in e ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

4παem
p

with which the various processes contribute to Mμ; see
Table I. Thus, naively one could expect that the fusion
processes γ − P and γ −Rþ give small contributions since
they are of higher order in e, compared e.g. to diffractive
bremsstrahlung. But, as we shall see, in certain regions of
phase space these e3 processes are the dominant ones.
In the following, we will discuss the CEP contributions

(2.14) in detail.

A. Photoproduction contributions

First we consider the fusion processes involving photon
exchange, γ − P and γ −Rþ. The corresponding diagrams
are shown in Fig. 1. We have for the γ − P contribution in
Eq. (2.14)

TABLE I. The leading order in e of the various processes
contributing to pp → ppγ; see (2.13) and (2.14). By diffractive
and QED bremsstrahlung we denote the processes where the
basic pp → pp reaction is due to strong interaction diffraction
and exchange of a photon, respectively.

Process Leading order in e

Diffractive bremsstrahlung e
QED bremsstrahlung e3

Fusion γ − P, γ − Rþ e3

Fusion O − P, O − Rþ, R− − P, R− − Rþ e

1In the general case a strict separation of bremsstrahlungs
and CEP contributions is not possible; see the discussion in
Appendix C.
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Mðγ−PÞ
μ ¼ MðγPÞ

μ þMðPγÞ
μ : ð2:15Þ

Here and in the following we indicate by ðγPÞ the
amplitude obtained from to the diagram Fig. 1(a) and by
ðPγÞ that obtained from Fig. 1(b). The sum of these two
amplitudes is indicated by ðγ − PÞ. For other CEP proc-
esses we use the analogous notation.
The lower part of the diagram in Fig. 1(a) corresponds

exactly to the DVCS diagram for γ�p → γp at a reasonably
high c.m. energy W2 such that the t-channel exchanges
dominate. In [40] we have studied this reaction in the
tensor-Pomeron-approach and we obtained a good descrip-
tion of the data for large c.m. energies and small Bjorken x
values. This is the kinematic region where our model
should be valid. How can we assure for the reaction (2.1),
which we study in the present paper, that we are in a
kinematic region where our model is valid? Let us consider
first the diagram of Fig. 1(a). In the lower part of the
diagram, the DVCS part, we should thus have high enough
energy, W2 ≳ 6 GeV say, and small Bjorken x correspond-
ing to jt1j=W2

2 ≪ 1. For the diagram of Fig. 1(b) the
analogous conditions are W1 ≳ 6 GeV and jt2j=W2

1 ≪ 1.
However, imposing such conditions by hand would be
inconvenient from an experimental point of view, since it
would require the measurement of the final state protons.
Instead we shall only impose conditions on the photon
kinematics. We shall require the photon transverse momen-
tum k⊥ to be in the range 0.1 GeV < k⊥ < 1 GeV and we
shall require large rapidity gaps between the centrally
produced photon and the outgoing protons, that is, we
require for the photon rapidity jyj < 2.5. The large rapidity
gaps will assure dominance of Pomeron exchange in the
diagrams of Fig. 1.We shall see below in Sec. III that, indeed,
these requirements assure thatwe can safely use the diagrams
of Fig. 1 for the calculation of the amplitudes for (2.1).

Some comments are in order here. If we consider instead
of CEP of a photon the CEP of a mesonM of mass mM the
situation is quite different. Let us, for instance, consider the
production of the meson M at rest in the overall c.m.
system. We have then automatically large subenergies
squared W2

1;W
2
2 ≈mM

ffiffiffi
s

p
and the exchange diagrams

analogous to Figs. 1(a) and 1(b) should be valid represen-
tations of the amplitude. This argument clearly fails for the
massless photon. But, as we shall see in Sec. III, consid-
ering CEP of the photon at midrapidity region and at low
transverse momentum already ensures large enough ener-
gies W1;2. Finally we note that we could extend our
calculation of CEP of γðkÞ with γ� exchange to a larger
region of phase space using representations of the DVCS
data valid for higher values of Bjorken x and smaller
energies W1;2. For some remarks on this problem see
Appendix C. But a complete discussion of such an
extended calculation goes beyond the scope of our present
paper.
Now we come back to the calculation of the diagrams

of Fig. 1. We consider there the exchanges of P1, P0,
and Rþ that correspond to the soft Pomeron, the hard
Pomeron, and the Reggeons (f2R þ a2R), respectively.
The Ansätze for effective propagator and vertex functions
of these exchanges are taken from [23,26] and are dis-
cussed in Appendix A. In the tensor Pomeron model the
Pomeron- and Reggeon-γγ vertices have two coupling
functions; see (A5). By comparing the tensor-Pomeron
model and the experimental data on real Compton
scattering from FNAL and on DVCS obtained by the H1
and ZEUS Collaborations at HERA we fixed in [40]
these coupling functions. In our calculations we shall
use the FIT 2 parametrization from [40] [see (A10) in
Appendix A].
The γP-exchange amplitude can now be written as

(a)

γ (k)

IPj, IR+

p (pa) p (p1)

p (pb) p (p2)

γ∗

(b)

γ (k)
IPj, IR+

p (pa) p (p1)

p (pb) p (p2)

γ∗

FIG. 1. Diagrams for CEP of a photon in high-energy proton-proton collisions: (a) photon-Pomeron/Reggeon fusion; (b) Pomeron/
Reggeon-photon fusion. We have j ¼ 0, 1 with P0 and P1 denoting the hard and soft Pomeron, respectively, and Rþ stands for the sum
of f2R and a2R Reggeons.
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MðγPÞ
μ ¼ ð−iÞ

X
j¼0;1

ūðp0
1; λ1ÞiΓðγppÞ

ν1 ðp0
1; paÞuðpa; λaÞiΔðγÞν1νðq1ÞiΓðPjγ

�γ�Þ
μνκρ ðk; q1Þ

× iΔðPjÞκρ;αβðs2; t2Þūðp0
2; λ2ÞiΓðPjppÞ

αβ ðp0
2; pbÞuðpb; λbÞ

¼ i
X
j¼0;1

ūðp0
1; λ1ÞΓðγppÞνðp0

1; paÞuðpa; λaÞ
1

t1

1

2s2
ð−is2α0Pj

ÞαPj ðt2Þ−1

× ½2aPjγ
�γ� ðt1; k2; t2ÞΓð0Þαβ

μν ðk;−q1Þ − bPjγ
�γ�ðt1; k2; t2ÞΓð2Þαβ

μν ðk;−q1Þ�ūðp0
2; λ2ÞΓðPjppÞ

αβ ðp0
2; pbÞuðpb; λbÞ: ð2:16Þ

We use the standard γ propagator and the γpp vertex, see
(3.1) and (3.26)–(3.32) of Ref. [23], respectively. All
effective propagator and vertex functions for the Pj

exchanges used in (2.16) are listed in Appendix A.
For the Pγ-exchange amplitude [see Fig. 1(b)] we have

the same structure as for the amplitude (2.16) with the
replacements

ðpðpa;λaÞ;pðp0
1;λ1ÞÞ↔ ðpðpb;λbÞ;pðp0

2;λ2ÞÞ;
t1↔ t2; q1↔q2; s2↔ s1: ð2:17Þ

In a similar way we obtain the γRþ- and Rþγ-exchange
amplitudes.

B. Diffractive contributions

Here we consider the contributions from purely diffrac-
tive fusion processes given by the diagrams of Fig. 2. We
have the following fusion processes [see (2.14)]:

MðR−−PÞ
μ ¼ MðPρRÞ

μ þMðρRPÞ
μ þMðPωRÞ

μ þMðωRPÞ
μ ;

ð2:18Þ

MðR−−RþÞ
μ ¼ Mðf2RρRÞ

μ þMðρRf2RÞ
μ þMðf2RωRÞ

μ

þMðωRf2RÞ
μ þ ðf2R → a2RÞ; ð2:19Þ

MðO−PÞ
μ ¼ MðPOÞ

μ þMðOPÞ
μ ; ð2:20Þ

MðO−RþÞ
μ ¼ Mðf2ROÞ

μ þMðOf2RÞ
μ þ ðf2R → a2RÞ: ð2:21Þ

For these diffractive fusion processes we assume that
only the soft Pomeron P1 contributes. At high c.m. energiesffiffiffi
s

p
the R− −Rþ-fusion processes (2.19) can be safely

neglected.
As indicated in Fig. 2 we use here the vector-meson

dominance (VMD) approach. We assume that an appro-
priate vector meson V from the set ρ0, ω, ϕ is originally
formed in the fusion processes with V then converting to
the photon. From isospin invariance the following fusion
reactions giving such a vector meson V are possible

ðPþ f2R;ρRÞ→ ρ0; ðρR;Pþ f2RÞ→ ρ0;

ðPþ f2R;OþωRÞ→ ω;ϕ; ðOþωR;Pþ f2RÞ→ ω;ϕ;

ða2R;OþωRÞ→ ρ0; ðOþωR; a2RÞ→ ρ0;

ða2R;ρRÞ→ ω;ϕ; ðρR; a2RÞ→ ω;ϕ: ð2:22Þ

Finally the V → γ transition is treated in the standard way;
see (3.23)–(3.25) of Ref. [23]. Our Ansatz for the PρRρ
vertex follows the one for the Pρρ in (3.47) of Ref. [23]
with the replacements aPρρ → aPρRρ, bPρρ → bPρRρ, and
similarly for the PωRω vertex as well as for f2R in the place
of P. All vertices occurring here were discussed in
[23,27,29,34,35] except for POω, f2ROω, f2ROϕ, and
a2ROρ0. In a first approximation, at the high energies
discussed here, we shall set these vertices to zero.

(a) (b)

FIG. 2. Diagrams for diffractive production of a photon in high-energy proton-proton collisions via Reggeon, Pomeron, and Odderon
exchanges: (a) ðRþ=PomeronÞ-ðR−=OdderonÞ fusion; (b) ðR−=OdderonÞ-ðRþ=PomeronÞ fusion. We use here the vector-meson
dominance (VMD) approach and V stands for the appropriate vector meson ρ0;ω;ϕ which is coupling to the photon according to (2.22).
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As an example we discuss one diagram contributing to the R− − P process (2.18). The PρR-exchange amplitude can be
written as

MðPρRÞ
μ ¼ ð−iÞūðp0

1; λ1ÞiΓðPppÞ
α1β1

ðp0
1; paÞuðpa; λaÞiΔðPÞα2β2;α1β1ðs1; t1ÞiΓðPρRρÞ

σ1κ1α2β2
ðk; q2Þ

× iΔðρÞσ1σ2ðkÞiΓðρ→γÞ
σ2μ iΔðρRÞκ1κ2ðs2; t2Þūðp0

2; λ2ÞiΓðρRppÞ
κ2 ðp0

2; pbÞuðpb; λbÞ

¼ ie
m2

ρ

γρ
ΔðρÞ

T ðk2Þūðp0
1; λ1ÞΓðPppÞ

αβ ðp0
1; paÞuðpa; λaÞ

1

2s1
ð−is1α0PÞαPðt1Þ−1

× ½2aPρRρΓð0Þαβ
μκ ðk;−q2Þ − bPρRρΓ

ð2Þαβ
μκ ðk;−q2Þ�FMðt1ÞFMðt2ÞFðρÞðk2Þ

×
1

M2
−
ð−is2α0ρRÞαρR ðt2Þ−1ūðp0

2; λ2ÞΓðρRppÞκðp0
2; pbÞuðpb; λbÞ: ð2:23Þ

For real photons (k2 ¼ 0) we have ΔðρÞ
T ðk2Þ ¼ −1=m2

ρ and
FðρÞðk2Þ ¼ 1. The γρ0 coupling γρ is given by (3.23)–(3.25)
of Ref. [23]. For the PρRρ coupling parameters we assume
that aPρRρ ¼ aPρρ, bPρRρ ¼ bPρρ and use the values
aPρρ ¼ 0.45 GeV−3, bPρρ ¼ 6.5 GeV−1 from Table 1 of
Ref. [27]. We have checked that these parameters give a
good description of the HERA data [42,43] for the γp →
ρ0p reaction. The ρRP-exchange amplitude is obtained
from (2.23) with the replacements (2.17).
In a similar way we obtain the PωR- and ωRP-exchange

amplitudes in (2.18). Here, in the calculations, we include
ϕ − ω mixing and we take the coupling parameters found
in (B1), (B4), (B10), and (B11) of Ref. [35].
For the amplitude with the Odderon exchange, MðO−PÞ

μ

(2.20), we consider only the two contributions ðO;PÞ →
ϕ → γ and ðP;OÞ → ϕ → γ. We use the relations given in
Sec. II B of Ref. [35] for the pp → ppϕ reaction. Thus,

the amplitude for the OP-exchange contribution MðOPÞ
μ to

pp → ppγ is obtained from (2.26) of Ref. [35] by the

replacement iΓðϕKKÞ
κ ðp3; p4Þ → iΓðϕ→γÞ

κμ . The same replace-
ment holds for the PO-exchange amplitude. For theO − P-
fusion processes we shall use the double-Regge-pole
Ansatz [2] for the Odderon. With this Ansatz we were able
to describe the ρ parameter, the ratio of the real part to the
imaginary part of the forward pp-elastic-scattering ampli-
tude, as measured by the TOTEM [44] and ATLAS [45]
Collaborations; see the discussion in Sec. IVA of Ref. [2].
The quantities needed to calculate the fusion amplitudes

using the VMD approach were discussed in [23,29,34,35].
In [23] elastic and total ρ0p cross sections were discussed.
There, the Pρρ and f2Rρρ coupling constants were esti-
mated assuming that at high-energies the total cross section
for transversely polarized ρ0 mesons equals to the average
of the π�p cross sections. In analogy to the ρ0p scattering
the elastic and total cross section for ωp and ϕp were
treated in [34,35]. From a comparison of our model for the
γp → Vp processes to the experimental data, especially
those from HERA, the relevant coupling constants and the
form-factor parameters for the Pomeron and Reggeon
exchanges were found.

We use for the purely diffractive fusion contributions the
default values of the Reggeon trajectories from Sec. 3 of
Ref. [23], but for the soft Pomeron we take in our
calculations ϵP ¼ 0.0865, as determined in [2] by com-
parison with high-energy pp elastic scattering data, instead
of ϵP ¼ 0.0808, the default value from [23]; see the
discussion in Appendix A. We also use the exponential
Pomeron/Reggeon-proton form factor FðtÞ ¼ expð−bjtjÞ
[instead of F1ðtÞ given in (3.29) of Ref. [23]] with b ¼
2.95 GeV−2 adjusted to the TOTEM data [44,46] on pp
elastic scattering for

ffiffiffi
s

p ¼ 13 TeV (see Fig. 5 of Ref. [2]).

III. RESULTS AND DISCUSSIONS

Westart by showingour results for thepp → ppγ reaction
from the photon-P=R-fusion processes. Calculations were
done for

ffiffiffi
s

p ¼ 13 TeV, 0.1 GeV < k⊥ < 1 GeV, and for
photon rapidities jyj < 2.5. In this kinematic range the soft-
Pomeron term (P1) gives the dominant contributionwhile the
hard-Pomeron term (P0) and theReggeon termarenegligibly
small. There also the FIT 1 (A9) and FIT 2 (A10) para-
metrizations for the Pjγ

�γ� and Rþγ�γ� coupling functions
hardly differ. In the calculations for the photoproduction
contribution we use the FIT 2 parametrization.
In Fig. 3 we show the distributions in y, rapidity of the

photon, and in W1, the subenergy of the γp system. We
present the complete result (denoted by “total”) and the
results corresponding to the diagrams shown in Figs. 1(a) and
1(b) separately. The interference term between the γP=R
contribution [diagram (a)] and the P=Rγ contribution [dia-
gram (b)] is also shown.This interference effect is destructive.
Figure 4 shows that limiting ourselves to jyj < 2.5 and

0.1 GeV < k⊥ < 1 GeV we avoid the lowW1 and lowW2

regions which are a bit less under theoretical control in
our model; see the discussion in Sec. II A. The left panel
shows the distribution in ðW1; yÞ. The cut at jyj < 2.5
eliminates small subenergies W1 [see (2.2)] and we have
W1 ≥ 10 GeV. For symmetry reasons the ðW2; yÞ distri-
bution is obtained by the replacement ðW1; yÞ → ðW2;−yÞ.
Thus, we also have W2 ≥ 10 GeV. In the right panel of
Fig. 4 we show the ðW1;W2Þ distribution which again
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shows very clearly that with our cuts we avoid the regions
of small W1 and/or W2.
We also find small enhancements at photon rapidities

jyj ≃ 2.5, which correspond to low-W1;2 regions (see
Fig. 4). This effect is due to the Reggeon component
and its constructive interference with the soft-Pomeron2;

see the left panel of Fig. 3. This effect is more visible in
Fig. 9 below for photoproduction at jyj ≃ 4.
In Fig. 5 we present the distributions in k⊥ and ω. Again

we show the complete result (total), the γP=R and P=Rγ
terms, and the interference term between them. The cross
sections dσ=dk⊥ and dσ=dω gradually increase and reach
maxima at k⊥ ≃ 0.25 GeV and at ω ≃ 0.4 GeV, respec-
tively. After that both distributions decrease quickly with
increasing k⊥ and ω.
In Fig. 6 we show the two-dimensional differential cross

sections in the W1;2-k⊥ plane (the left panel) and in the
ω-k⊥ plane (the right panel) calculated for jyj < 2.5. In the
right panel, large jyj is near the ω axis, and y ¼ 0
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FIG. 4. The two-dimensional distributions in ðW1; yÞ and ðW1;W2Þ for the pp → ppγ reaction via the γ − P=R-fusion processes.
The calculations were done for

ffiffiffi
s

p ¼ 13 TeV and with cuts on jyj < 2.5 and 0.1 GeV < k⊥ < 1 GeV.
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FIG. 3. The differential distributions in the rapidity of the photon and in the subenergyW1 of the γp system for the pp → ppγ reaction
via the γ − P=R-fusion processes. The calculations were done for

ffiffiffi
s

p ¼ 13 TeV and with cuts on jyj < 2.5 and
0.1 GeV < k⊥ < 1 GeV. The solid line corresponds to the complete result (total), the blue long-dashed and red dashed lines
correspond to the γP=R contribution [see Fig. 1(a)] and the P=Rγ contribution [see Fig. 1(b)], respectively. The destructive interference
term is shown separately by the green dotted line.

2Note that another constructive interference effect, namely that
between the soft- and hard-Pomeron components, plays an
important role in the description of HERA DVCS data in the
process γ�ðQ2Þp → γp, especially for large photon virtualities
Q2; see e.g. Fig. 4 of Ref. [40]. The Reggeon contribution is
negligibly small there.
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corresponds to ω ¼ k⊥. The phase-space region ω < k⊥ is
forbidden.
In Fig. 7 we show the distributions in transverse momen-

tum of the proton pðp0
1Þ (here pt;1 ¼ jp0t;1j), in four-

momentum transfer squared (t1), and in Δpt;p defined as

Δpt;p ¼ jp0t;1j − jp0t;2j: ð3:1Þ

Figures 7(a) and 7(b) show that the low-pt;1 region is
dominated by the photon exchange in the γP=R term.
This is caused by the factor 1=t1 for γP=R from the photon
propagator. In Fig. 7(c), the region of intermediate jt1j,
0.01 GeV2 < jt1j < 1 GeV2, is governed by the Pomeron

exchange in the P=Rγ term. Not shown is the large-jt1j
region, jt1j > 1 GeV2. We find that there again the γP=R
termdominates. This is due to the1=jt1j fall-off of the photon
propagator in the γP=R term winning over the exponential
fall-off in jt1j of thePomeron part in theP=Rγ term.Note that
for the CEP of a photon we find jt1j and pt;1 distributions
which are strongly peaked at very small jt1j and pt;1,
respectively. In contrast, for the diffractive bremsstrahlung
mechanism photons hardly contribute to very small values of
pt;p and dσ=dpt;p reaches a maximum at pt;p ∼

ffiffiffiffiffiffiffiffiffijt1;2j
p

∼
0.3 GeV; see Fig. 7 of Ref. [2]. TheΔpt;p distribution shown
in Fig. 7(d) is interesting as there the destructive interference
between the two terms γP=R and P=Rγ is sizeable
around Δpt;p ¼ 0.
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FIG. 5. The differential distributions in transverse momentum of the photon and in the energy of the photon for the pp → ppγ reaction
via the γ − P=R-fusion processes. The calculations were done for

ffiffiffi
s

p ¼ 13 TeV and with cuts on jyj < 2.5 and
0.1 GeV < k⊥ < 1 GeV. The meaning of the lines is the same as in Fig. 3.

0 20 40 60 80 100

 (GeV)1,2W

0.2

0.4

0.6

0.8

   
(G

eV
)

k

2−10

1−10

1

s,  γ pp →pp 

-IP/IR fusion (total)γ),  2  (nb/GeVdk1,2/dWσ2d

0 1 2 3 4 5 6

 (GeV)ω

0.2

0.4

0.6

0.8

1
   

(G
eV

)
k

2−10

1−10

1

10

210

310

 = 13 TeV,   |y| < 2.5  = 13 TeV,   |y| < 2.5s,  γ pp →pp 
-IP/IR fusion (total)γ),  2   (nb/GeVdkω/dσ2d

FIG. 6. The two-dimensional distributions in ðW1;2; k⊥Þ and ðω; k⊥Þ for the pp → ppγ reaction via the γ − P=R-fusion processes.
The calculations were done for

ffiffiffi
s

p ¼ 13 TeV and jyj < 2.5.
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In Fig. 8 we show the two-dimensional distributions in
ðt1; k2⊥Þ. The results for the two diagrams shown in Fig. 1
and for their coherent sum (total) are presented. From
transverse momentum conservation the transverse momen-
tum of the final state photon is the vector sum of the
transverse momenta of virtual photon and Pomeron/
Reggeon. The plots of Fig. 8 are easily understood. For
the γP=R term the photon propagator in Fig. 1(a) forces the
proton pðp0

1Þ to go out with very small transverse momen-
tum, jp0t;1j2 ≈ −t1 ≈ 0. Then the proton pðp0

2Þ will have
jp0t;2j2 ≈ jk⊥j2 and this ranges up to jk⊥j2 ≈ 1 GeV2; see
Fig. 8(a). For the P=Rγ term we will correspondingly have
jp0t;2j2 ≈ 0 and jp0t;1j2 ≈ −t1 ≈ jk⊥j2. This is indeed what is
seen in Fig. 8(b). In Fig. 8(c) we see the combination of
these two effects.
Finally, we compare the results for the pp → ppγ

reaction from the fusion processes (CEP) discussed in this
article with the results corresponding to the diffractive
bremsstrahlung discussed in [2]. We consider separately the

bremsstrahlung, the photoproduction γ − P=R, and the two
diffractive contributionsR− − P andO − P. We denote, for
brevity, the coherent sum of the contributions γP and Pγ by
γ − P, the coherent sum of γRþ and Rþγ by γ −Rþ, and
the complete photoproduction contribution by γ − P=R.
The analogous shorthand notation is used also for other
contributions, R− − P and O − P.
In Fig. 9 we compare different processes for the pp →

ppγ reaction calculated for
ffiffiffi
s

p ¼ 13 TeV, and a somewhat
larger range of photon rapidities jyj < 4, and for two k⊥
intervals as specified in the figure legends. We see that the
photoproduction is the dominant process for k⊥ > 10 MeV,
its cross section dσ=dk⊥ gradually increases and reaches a
maximum at k⊥ ≃ 0.25 GeV. The diffractive bremsstrah-
lung contribution is most important in the area of small k⊥
but its cross section decreases with increasing k⊥. The other
purely diffractive contributions, R− − P and O − P, give
much smaller cross sections.
As was mentioned in [2] the intermediate protons in the

bremsstrahlung-type diagrams are off shell when the final
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FIG. 7. The differential distributions in transverse momentum of the proton pðp0
1Þ, in four-momentum transfer squared jt1j, and in

Δpt;p ¼ jp0t;1j − jp0t;2j for the pp → ppγ reaction via the γ − P=R-fusion processes. The calculations were done for
ffiffiffi
s

p ¼ 13 TeV and
with cuts on jyj < 2.5 and 0.1 GeV < k⊥ < 1 GeV. The meaning of the lines is the same as in Fig. 3.

CENTRAL EXCLUSIVE DIFFRACTIVE PRODUCTION OF A … PHYS. REV. D 107, 074014 (2023)

074014-9



state photon is emitted from an external proton line. But in
our model of the bremsstrahlung contributions we set
possible form factors for off-shell protons in the vertices
and in the proton propagator to 1. We expect that up to
k⊥ ≃ 0.1 GeV and small ω the off-shell effects should be
small.3 Taking this into account, we do not show here
results for the bremsstrahlung mechanism for a larger k⊥
range where our estimates are uncertain.
It is a known fact that absorption effects due to strong

proton-proton interactions have much more influence on
the purely diffractive processes than on the photoproduc-
tion processes; see e.g. Table II of Ref. [35] where the ratios
of full and Born cross sections for the pp → ppϕ reaction
for the γ − P- andO − P-fusion processes are shown. Thus,
it can be expected that for the pp → ppγ reaction at not too
large k⊥ the absorption is small for the γ − P=R-fusion
processes.

It is interesting to note that the γ − P=R-fusion processes
are of the same order in αem as the bremsstrahlung-type
processes via the photon exchange, which we call the QED
bremsstrahlung; see Table I. In the case of the photon
production via QED bremsstrahlung dσ=dt1;2 increases for
t1;2 → 0 due to the photon propagator which is proportional
to 1=t. We have checked that for the kinematics considered
in our paper the QED-bremsstrahlung cross section is about
a factor of 200 smaller than the diffractive bremsstrahlung
cross section via the Pomeron exchange. For these two
bremsstrahlung mechanisms, the shapes of the distributions
in y, k⊥, and ω are similar.
In Fig. 10 we present the distributions in Δpt;p ¼ jp0t;1j −jp0t;2j for the low-k⊥ region and for two jyj intervals for the

pp → ppγ reaction. We compare the γ − P=R-fusion
processes to diffractive bremsstrahlung-type emission of
photons discussed in [2]. We see from Figs. 9 and 10 that
these contributions have different characteristics in k⊥
and Δpt;p and that the relative size of the cross sections
depends on the photon-rapidity range. The physics behind
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FIG. 8. The two-dimensional distributions in ðt1; k2⊥Þ for the pp → ppγ reaction. The calculations were done for
ffiffiffi
s

p ¼ 13 TeV and
with cuts on jyj < 2.5 and 0.1 GeV < k⊥ < 1 GeV. The top left panel shows the result for only the diagram (a) of Fig. 1 and the top
right panel for the diagram (b) of Fig. 1. The bottom panel shows the complete result for the γ − P=R-fusion processes.

3We refer the reader to Figs. 8 and 17 of Ref. [2] where the
results for k⊥ up to 0.4 GeV are shown.
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the results shown in Fig. 10 is as follows. In the discussion
of the results of Fig. 8 we saw that in the CEP process we
have either jp0t;1j ≈ 0, jp0t;2j sizeable, or jp0t;2j ≈ 0, jp0t;1j
sizeable. This explains the double-hump structure of the
CEP curves in Fig. 10. For bremsstrahlung, on the other
hand, the kinematics of the pp → ppγ reaction is close to
that for elastic scattering, pp → pp, where jp0t;1j ¼ jp0t;2j.
We expect, therefore, also for bremsstrahlung jp0t;1j ≈ jp0t;2j
and, thus, Δpt;p ≈ 0. And this is indeed what we see from
Fig. 10. Furthermore, we see from Fig. 9, upper left panel,
that bremsstrahlung increases relative to CEP for larger jyj.
And this can also be seen by comparing the left and right
panels of Fig. 10. We conclude by emphasizing that the
measurement of outgoing protons, necessary to obtain
distributions as shown in Fig. 10, would allow us to better
understand the role of CEP versus bremsstrahlung proc-
esses. Hopefully, the ATLAS and CMS Collaborations will
be able to measure photons in coincidence with protons in
the forward detectors.

IV. CONCLUSIONS

In this paper we have studied diffractive production of
photons via different fusion processes within the tensor-
Pomeron approach in the reaction pp → ppγ (2.1) at the
c.m. energy

ffiffiffi
s

p ¼ 13 TeV. We have discussed central-
exclusive production (CEP) of photons from the photo-
production processes given by the diagrams of Fig. 1 and the
purely diffractive fusion processes given by the diagrams of
Fig. 2. We can only speak of this CEP mechanism if the γp
subenergies W1 and W2 [see (2.2)] are large enough. We
assured this by a cut in the photon rapidity, jyj < 2.5, and
transverse momentum, 0.1 GeV < k⊥ < 1 GeV.
The photoproduction is the dominant CEP mechanism

without considering kinematic cuts on the leading protons.
Due to the virtual photon exchange one of the protons is
scattered at very small angles (very forward/backward
proton rapidities). The γ − P exchanges (2.15) populate
preferentially the midrapidity region. The subleading
γ −Rþ exchanges play a role at more forward/backward
photon rapidities, when the energies of the subprocesses
γ�p → γp are smaller than for y ≈ 0; see Fig. 4. Both, P
and Rþ ¼ f2R; a2R exchange are treated as effective tensor
exchanges in our model. The complete photoproduction
result indicates a constructive interference effect of γ − P-
and γ −Rþ-fusion processes. There is, on the other hand,
sizeable destructive interference between the two terms
γP=R and P=Rγ corresponding to the diagrams shown in
Figs. 1(a) and 1(b), respectively; see Fig. 5.
We have compared the CEP processes to standard results

for bremsstrahlung-type emission of soft photons discussed
previously in [2]. We have shown that the photoproduction
contribution wins over the bremsstrahlung one for jyj < 4
and k⊥ ≳ 10 MeV (see Fig. 9). The cross section dσ=dk⊥
for the γ − P=R-fusion processes gradually increases and

reaches a maximum at k⊥ ≃ 0.25 GeV. The purely dif-
fractive CEP fusion processes, R− − P and O − P, give
much smaller cross sections there. For the photon brems-
strahlung, discussed in [2], the cross section for k⊥ → 0
diverges as 1=k⊥.
To summarize: in this article we have studied central-

exclusive production of single photons in proton-proton
collisions at LHC energies,

ffiffiffi
s

p ¼ 13 TeV. The CEP
process with γ − P fusion is the most important one and
preferentially produces photons at midrapidity. In this
kinematic region CEP dominates over photons produced
by diffractive bremsstrahlung. And this is true despite the
fact that CEP with γ − P fusion is of higher order in αem
compared to diffractive bremsstrahlung. It is clear that our
studies can easily be adapted to pp collisions at RHIC
energies,

ffiffiffi
s

p ¼ 200–510 GeV.
We hope that our theoretical studies of the pp → ppγ

reaction will find experimental counterparts by measure-
ments of soft photons at RHIC and at the LHC. We
emphasize that for detailed comparisons of our predictions
with experiment measurement of the outgoing protons
would be most welcome.
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APPENDIX A: EFFECTIVE PROPAGATOR
AND VERTEX FUNCTIONS

We give here a list of all effective propagator and vertex
functions used in the calculation of the γ − P=R-fusion
processes discussed in Sec. II A.
For the two tensor Pomerons, soft (j ¼ 1) and hard

(j ¼ 0), we use the effective propagators and the Pjpp
vertices as given in Appendix A of Ref. [26],

iΔðPjÞ
μν;κλðs;tÞ

¼ 1

4s

�
gμκgνλþgμλgνκ −

1

2
gμνgκλ

�
ð−isα̃0jÞαjðtÞ−1; ðA1Þ

iΓðPjppÞ
μν ðp0; pÞ

¼ −i3βjppF
ðjÞ
1 ðtÞ

�
1

2
½γμðp0 þ pÞν þ γνðp0 þ pÞμ�

−
1

4
gμνðp0 þ pÞ

�
: ðA2Þ

Here β1pp ¼ β0pp ¼ 1.87 GeV−1 are coupling constants

and FðjÞ
1 ðtÞ are form factors [see Eq. (A11) below]. The

Ansätze for effective propagators and vertices for the tensor
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Reggeons f2R and a2R have the same structure as (A1)
and (A2), respectively. The contributions of these
Reggeons are combined into one term Rþ, labeled j ¼ 2,
and the coupling constant for Rþpp is given as
β2pp ¼ 3.68 GeV−1; see (A29) of Ref. [26]. The Pomeron
and Reggeon trajectory functions are assumed to be of
linear form

αjðtÞ¼ αjð0Þþα0jt; αjð0Þ¼ 1þ ϵj; j¼ 0;1;2: ðA3Þ

The values of the intercept parameters of the Regge
trajectories obtained in [26] from a comparison to
HERA DIS data are

ϵ1¼0.0935ðþ76
−64Þ; ϵ0¼0.3008ðþ73

−84Þ; α2ð0Þ¼0.485ðþ88
−90Þ:
ðA4Þ

For the slope parameters default values were used in [26]
α01 ¼ α00 ¼ 0.25 GeV−2, and α02 ¼ 0.9 GeV−2, and the
scale parameters α̃0j were chosen equal to the slope
parameters α0j. In our present work, in the calculation of
the γ − P=R CEP process, we use the above central values
for ϵ1, ϵ0, and α2ð0Þ and the default values for α0j (j ¼ 0, 1,
2). In the calculation of the purely diffractive contributions,
discussed in Sec. II B, for ϵ1 we use the value ϵ1 ¼ 0.0865
as determined by us in [2]. This latter value is about 1 s.d.
lower than the value from (A4). The default value from
[23,47] is ϵ1 ¼ 0.0808 which is 2 s.d. lower than the one
from (A4). We can motivate our use of different values of ϵ1
for the different processes shown in Figs. 1 and 2 as
follows. In the diagrams of Fig. 1 the Pomeron exchange is
in the subreaction γ�p → γp and we think that it is
appropriate to use there the value of ϵ1 from (A4) as
determined from the closely related process γ�p → γ�p; see
Ref. [26]. In Fig 2, on the other hand, we have a diffractive
collision being close to pp elastic scattering where we
determined a slightly lower value of ϵ1 in [2]. We could, for
instance, consider this slightly lower value of ϵ1 in the
hadronic diffraction case as being due to stronger absorp-
tion effects there compared to the γ�p → γ�p reaction.

In any case, in the kinematical range considered by us here
the diffractive contribution to the CEP of a single photon is
small; see Fig. 9.
The Ansätze for the Pjγ

�γ� and Rþγ�γ� coupling
functions for both real and virtual photons are given in
[26]. The Pjγ

�γ� (j ¼ 0, 1) vertex reads

iΓðPjγ
�γ�Þ

μνκρ ðq0; qÞ ¼ i½2ajγ�γ� ðq2; q02; tÞΓð0Þ
μνκρðq0;−qÞ

− bjγ�γ� ðq2; q02; tÞΓð2Þ
μνκρðq0;−qÞ�; ðA5Þ

where t ¼ ðq − q0Þ2. The rank-4 tensor functions are
defined in (A13) and (A14) of Ref. [26],

Γð0Þ
μνκλðk1;k2Þ¼ ½ðk1 ·k2Þgμν−k2μk1ν�

×

�
k1κk2λþk2κk1λ−

1

2
ðk1 ·k2Þgκλ

�
; ðA6Þ

Γð2Þ
μνκλðk1; k2Þ ¼ ðk1 · k2Þðgμκgνλ þ gμλgνκÞ

þ gμνðk1κk2λ þ k2κk1λÞ
− k1νk2λgμκ − k1νk2κgμλ

− k2μk1λgνκ − k2μk1κgνλ

− ½ðk1 · k2Þgμν − k2μk1ν�gκλ: ðA7Þ

TheRþγ�γ� vertex for real and virtual photons has the same
structure as shown in (A5) with j ¼ 2; see (A27)–(A31) of
Ref. [26]. The coupling functions ajγ�γ� ðq2; q02; tÞ and
bjγ�γ�ðq2; q02; tÞ, for the case q2 ¼ −Q2, q02 ¼ 0, are taken
as in (2.21)–(2.23) of Ref. [40],

ajγ�γ� ðq2; 0; tÞ ¼ e2âjðQ2ÞFðjÞðtÞ; j ¼ 0; 1; 2;

b2γ�γ� ðq2; 0; tÞ ¼ e2b̂2ðQ2ÞFð2ÞðtÞ: ðA8Þ

For two alternative fits for b1γ�γ� and b0γ�γ� we obtained
from a comparison to HERA DVCS data

FIT 1∶ b1γ�γ� ðq2; 0; tÞ ¼ e2b̂1ð0Þð1þQ2=Λ2
1Þ−1.2Fð1ÞðtÞ; Λ1 ¼ 1.4 GeV;

b0γ�γ� ðq2; 0; tÞ ¼ e2b̂0ðQ2ÞFð0ÞðtÞ; ðA9Þ

FIT 2∶ b1γ�γ� ðq2; 0; tÞ ¼ e2b̂1ð0Þð1þQ2=Λ2
2Þ−2.0Fð1ÞðtÞ; Λ2 ¼ 2.0 GeV;

b0γ�γ� ðq2; 0; tÞ ¼
�
e2b̂0ðQ2ÞFð0ÞðtÞ for Q2 < 1.5 GeV2

e2Λ0ð1þQ2=Λ2
3Þ−0.6Fð0ÞðtÞ for Q2 ≥ 1.5 GeV2

;

Λ0 ¼ 9.46 × 10−3 GeV−1; Λ3 ¼ 2.3 GeV: ðA10Þ
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See (2.21)–(2.23) of Ref. [40]. The coupling functions
âjðQ2Þ and b̂jðQ2Þ were determined in [26] from the
global fit to HERA inclusive DIS data for Q2 < 50 GeV2

and x < 0.01 and the (Q2 ¼ 0) photoproduction data.
According to [26], for the Rþ-Reggeon term, â2ðQ2Þ ¼ 0

while the function b̂2ðQ2Þ vanishes rapidly with increas-
ing Q2. All coupling functions âj and b̂j are plotted in
Fig. 2 of Ref. [40]. For small Q2, the soft Pomeron
function b1γ�γ� gives a larger contribution to the cross
section than the corresponding hard one b0γ�γ� . In the
large Q2 region the reverse is found.
We use the combined form-factor functions for a given j

(j ¼ 0, 1, 2)

FðjÞ
eff ðtÞ ¼ FðjÞðtÞ × FðjÞ

1 ðtÞ ¼ expð−bjjtj=2Þ; ðA11Þ

assuming the same t dependence for both a and b
coupling functions. We take b1 ¼ b2 ¼ 5.0 GeV−2 and
b0 ¼ 1.0 GeV−2 from [40].

APPENDIX B: ESTIMATE OF THE CROSS
SECTION FOR pp → ppγ USING

THE METHOD OF THE EQUIVALENT
PHOTON FLUX

In this appendix we estimate the cross section for
the γP fusion contribution to pp → ppγ using the equiv-
alent photon-flux method. We consider the diagram of
Fig. 1(a). The main contribution comes from the region
where the absolute value of the invariant mass squared t1 of
the exchanged photon γ� is very small; see Fig. 8(a). In
the following we work in the overall c.m. system of the
reaction (2.1) where we have

p0
a ¼ p0

b ¼
1

2

ffiffiffi
s

p
;

p00
1 ¼ 1

2
ffiffiffi
s

p ðsþm2
p − s2Þ: ðB1Þ

With ϑ the angle between p01 and pa we get

jt1j ¼ 2ðpa; p0
1Þ − 2m2

p

¼ 2p0
ap00

1 − 2m2
p − 2jpajjp01j cosϑ; ðB2Þ

having the minimal value

jt1jmin ¼ 2ðp0
ap00

1 −m2
p − jpajjp01jÞ

¼ ðs2 −m2
pÞ2m2

p

2sðp0
ap00

1 −m2
p þ jpajjp01jÞ

: ðB3Þ

For our case we have (see Fig. 4)

ffiffiffi
s

p ¼ 13 TeV;
ffiffiffi
s

p
≫ W2 ¼

ffiffiffiffiffi
s2

p
≥ 10 GeV;

jt1jmin ≅
�
W2ffiffiffi
s

p
�

4

m2
p: ðB4Þ

Numerically we get

jt1jmin ≅ 3.1 × 10−13 GeV2 for W2 ¼ 10 GeV;

jt1jmin ≅ 4.9 × 10−8 GeV2 for W2 ¼ 200 GeV: ðB5Þ

These are very small values for jt1j where the equivalent
photon method should give good estimates.
The equivalent photon fluxes of various particles are

listed in Appendix D of Ref. [48]. For the proton this flux
reads for our case

dnðq01; t1Þ¼
αem
π

dq01
q01

djt1j
jt1j

��
1−

q01
p0
a

�
Dðt1Þþ

1

2

�
q01
p0
a

�
2

Cðt1Þ

−
�
1−

q01
p0
a

� jt1jmin

jt1j
Dðt1Þ

�
: ðB6Þ

Here

CðtÞ ¼ G2
MðtÞ;

DðtÞ ¼ ½4m2
pG2

EðtÞ − tG2
MðtÞ�½4m2

p − 1�−1; ðB7Þ

andGE andGM are the electric and magnetic form factor of
the proton, respectively,

GEðtÞ ¼ F1ðtÞ þ
t

4m2
p
F2ðtÞ;

GMðtÞ ¼ F1ðtÞ þ F2ðtÞ: ðB8Þ

In our case we have

W2
2 ≅ 2q01

ffiffiffi
s

p
;

q01
p0
a
≅
W2

2

s
≪ 1;

dq01
q01

¼ 2dW2

W2

: ðB9Þ

We can, thus, neglect in (B6) the terms with q01=p
0
a and

ðq01=p0
aÞ2 and set Dðt1Þ ≈ 1. We get then as an estimate for

the cross section via the γP fusion

dσðpp → ppγÞjγP fusion

≅ dnðq01; t1Þσγp→γp
T

	
t1 ¼ 0;W2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2q01

ffiffiffi
s

pq 


¼ 2αem
π

dW2

W2

djt1j
jt1j

�
1 −

jt1jmin

jt1j
�
σγp→γp
T ð0;W2Þ: ðB10Þ
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Here σγp→γp
T ð0;WÞ is the total cross section for Compton

scattering of a real photon on the proton at c.m. energy W.
Now we integrate (B10) over jtj from jt1jmin to a maximal
value jt1jmax which we set to 1 GeV2. We get then

dσðpp→ppγÞ
dW2

����
γPfusion

≅
2αem
π

1

W2

Z jt1jmax

jt1jmin

djt1j
jt1j

�
1−

jt1jmin

jt1j
�
σγp→γp
T ð0;W2Þ

≅
2αem
π

1

W2

�
ln
jt1jmax

jt1jmin
−1þ jt1jmin

jt1jmax

�
σγp→γp
T ð0;W2Þ: ðB11Þ

With jt1jmax ¼ 1 GeV2 and jt1jmin from (B5) we get

2αem
π

�
ln

jt1jmax

jt1jmin
−1þ jt1jmin

jt1jmax

�
≅
�
0.13 forW2¼ 10GeV;

0.07 forW2¼ 200GeV:

ðB12Þ

That is, this quantity has a slow decrease with W2.
From Fig. 3 of Ref. [40] we see that the cross section

σγp→γp
T ð0;WÞ is around 100 nb forW ≃ 10 GeV and slowly

rising with W. Therefore, we get as an estimate

dσðpp → ppγÞ
dW2

����
γP fusion

≅ 1.3
10

W2

nb=GeV: ðB13Þ

Here W2 has to be included in GeV. Our estimate gives a
cross section falling roughly as 1=W2 with a size of order
0.3 nb=GeV for W2 ¼ 40 GeV.
We can compare this with the result of the explicit

calculation shown in the right panel of Fig. 3. Since there
W1 is plotted we must compare with the dashed red line
corresponding to the P=Rγ fusion. And, indeed, this cross
section is not far from 0.3 nb=GeV for W1 ¼ 40 GeV and
it is falling with increasing W1 according to a 1=W1 law.

APPENDIX C: CEP OF PHOTONS
IN THE LIMIT k → 0

In this appendix we investigate the CEP mechanism for
photons in the limit that the four momentum k of the photon
approaches zero. We know from Low’s theorem [7] that in

this limit the bremsstrahlungs mechanism will dominate.
But we find it interesting to see how CEP goes over to
bremsstrahlung for k → 0.
Let us start with the diagrams with γ� exchange shown in

Fig. 1. For generalW1 andW2 wewrite them as emission of
γ� followed by the scattering process γ�p → γp as shown
in Fig. 11.
For k → 0 we have from (2.2) W2

1;W
2
2 → m2

p and the
description of the γ�p → γp scattering by t-channel
exchanges as shown in Fig. 1 will certainly no longer be
adequate. We note that for real Compton scattering on an
electron

γðqÞ þ eðpÞ → γðkÞ þ eðp0Þ; ðC1Þ

with the initial and final photons on shell, there exists a low
energy theorem in QED proven by Thirring [49]. In the
limit k → 0 the amplitude for (C1) is given exactly by the s
and u channel diagrams shown in Fig. 12.
Thus, we expect that also in our case where we have in

Figs. 11(a) and 11(b)

γ�ðq1Þ þ pðpbÞ → γðkÞ þ pðp0
2Þ ðC2Þ

and

γ�ðq2Þ þ pðpaÞ → γðkÞ þ pðp0
1Þ; ðC3Þ

respectively, the analogous s and u channel diagrams will
be important. Inserting these in the diagrams of Figs. 11(a)
and 11(b) we get the diagrams of Fig. 13 which are exactly
the bremsstrahlung diagrams associated with the basic γ�
exchange. We know from Low’s theorem [7] that for k → 0
these diagrams give the leading behavior proportional to
1=ω in the pp → ppγ amplitude when the basic diagram

(a)

p (pa)

p (p1)

γ (k)γ∗ (q1)

p (pb) p (p2)

(b)

p (pb)
p (p2)

p (pa) p (p1)

γ (k)

γ∗ (q2)

FIG. 11. General diagrams for photon production with γ� exchange.

FIG. 12. The s and u channel diagrams for γe → γe.
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for pp → pp is the one with γ� exchange. That is, for k →
0 the diagrams of Fig. 11 give those of the QED
bremsstrahlung process; see Table I.
To summarize: for high W1 and W2, greater than 6 GeV

say, the most important contributions to γ�p → γp in the
diagrams of Fig. 11 will come from the t-channel
exchanges, Pþ Rþ. This then leads to the γ − P=R
CEP process. For W1;2 → m2

p, on the other hand, the
diagrams of Fig. 11 give the QED bremsstrahlung ones.
For intermediate values of W1;2 a simple addition of
contributions from s, u, and t channel diagrams for
γ�p → γp is probably not the right thing to do. We have
to recall the duality arguments which were initiated by

the discovery of the Veneziano amplitude [50]. We think
that, therefore, a strict separation of CEP and bremsstrah-
lungs-type contributions to pp → ppγ is in general not
possible.
The k → 0 behavior of the amplitudes of the diffractive

contributions to photon CEP, see Sec. II B and Fig. 2, can
be discussed in an analogous way. For k → 0 we shall
obtain from the analogs of Fig. 11 with γ� replaced by
hadronic exchanges the diffractive bremsstrahlungs dia-
grams for pp → ppγ shown in Figs. 3(a)–3(f) of Ref. [2].
There only P exchange is shown but its replacement by the
other hadronic exchanges, f2R, a2R, O, ωR, ρR, is men-
tioned in the figure caption.
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