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We present first predictions of the cross sections and differential distributions for the central exclusive
reaction pp → ppπþπ−πþπ− being studied at RHIC and LHC. The amplitudes for the processes are
formulated in terms of the tensor Pomeron and tensor f2R Reggeon exchanges with the vertices respecting
the standard crossing and charge-conjugation relations of quantum field theory. The σσ and ρρ
contributions to the πþπ−πþπ− final state are considered, focusing on their specificities. The correct
inclusion of the Pomeron spin structure seems crucial for the considered sequential mechanisms, in
particular for the ρρ contribution which is treated here for the first time. The mechanism considered gives a
significant contribution to the pp → ppπþπ−πþπ− reaction. We adjust parameters of our model to the
CERN-ISR experimental data and present several predictions for the STAR, ALICE, ATLAS, and CMS
experiments. A measurable cross section of order of a few μb is obtained, including the experimental cuts
relevant for the LHC experiments. We show the influence of the experimental cuts on the integrated cross
section and on various differential distributions.
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I. INTRODUCTION

In the past years there has been a renewed interest in the
exclusive production of two-meson pairs (mostly πþπ−
pairs) at high energies related to planned experiments at the
RHIC [1], Tevatron [2,3], and LHC [4–6]. From the
experimental point of view the exclusive processes are
important in the context of resonance production—in
particular, in searches for glueballs. The experimental data
on central exclusive πþπ− production measured at the
energies of the ISR, RHIC, Tevatron, and the LHC collider
all show visible structures in the πþπ− invariant mass. It is
found that the pattern of these structures seems to depend
on experiment. But, as we advocated in Ref. [7], this
dependence could be due to the cuts used in a particular
experiment (usually these cuts are different for different
experiments).
So far theoretical studies have concentrated on two-pion

continuum production. Some time ago two of us formu-
lated a Regge-type model with parameters fixed from
phenomenological analysis of total and elastic NN and
πN scattering [8]. The model was extended to include also
absorption effects due to proton-proton interaction [9,10].
In Ref. [9] the exclusive reaction pp → ppπþπ− consti-
tutes an irreducible background to the scalar χc0 meson

production. These model studies were extended also to
KþK− production [10]. For a related work on the exclusive
reaction pp → nnπþπþ, see [11]. A revised view of the
absorption effects including the πN nonperturbative inter-
actions was presented very recently [12]. Such an approach
gives cross sections of the correct order of magnitude;
however, it does not include resonance contributions which
interfere with the continuum.
It was known for a long time that the frequently used

vector-Pomeron model has problems considering a field-
theory point of view. Taken literally it gives opposite signs
for pp and p̄p total cross sections. A way out of these
problems has been shown in [13], where the Pomeron was
described as a coherent superposition of exchanges with
spin 2þ 4þ 6þ � � �. The same idea is realized in the
tensor-Pomeron model formulated in [14]. In this model
Pomeron exchange can effectively be treated as the
exchange of a rank-2 symmetric tensor. The corresponding
couplings of the tensorial object to proton and pion were
worked out. In Ref. [15] the model was applied to the
diffractive production of several scalar and pseudoscalar
mesons in the reaction pp → ppM. In [16] an extensive
study of the photoproduction reaction γp → πþπ−p in the
framework of the tensor-Pomeron model was presented.
The resonant (ρ0 → πþπ−) and nonresonant (Drell-Söding)
photon-Pomeron/Reggeon πþπ− production in pp colli-
sions was studied in [17]. The exclusive diffractive pro-
duction of πþπ− continuum together with the dominant
scalar f0ð500Þ, f0ð980Þ, and tensor f2ð1270Þ resonances
was studied by us very recently in Ref. [7].
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The past program of central production of pairs of
mesons was concentrated on the discussion of mesonic
resonances. The low-energy program of studying meson
excitations can be repeated at the LHC, where we expect
dominance of one production mechanism only: two-
Pomeron exchange.
The identification of glueballs can be very difficult. The

partial wave analyses of future experimental data of the
STAR, ALICE, ATLAS, and CMS collaborations could be
used in this context. The studies of different decay channels
in central exclusive production would also be very valu-
able. One of the possibilities is the pp → ppπþπ−πþπ−
reaction being analyzed by the ATLAS, CMS, and ALICE
collaborations at the LHC. Identification of the glueball-
like states in this channel requires calculation/estimation of
the four-pion background from other sources.
The ultraperipheral collisions of nuclei can constitute a

very useful tool to study the processes initiated by two
quasireal photons. In [18] a nonperturbative approach to
produce two ρ0 mesons was considered while in [19] a
pQCD mechanism to produce two pairs of pions was
discussed. Pairs of ρ0ρ0 (contributing to four-pion final
state) can also be produced in photon-hadron interactions in
a so-called double scattering mechanism. In Ref. [20]
double vector meson production in photon-photon and
photon-hadron interactions in pp=pA=AA collisions was
studied. In heavy ion collisions the double scattering
mechanism is very important [20,21]. In proton-proton
collisions, for instance at the center-of-mass energy offfiffiffi
s

p ¼ 7 TeV, total cross sections for the double ρ0 meson
production, taking into account the γγ and double scattering
mechanisms, were estimated [20] to be of 182 and 4 pb,
respectively.
In the present paper we wish to concentrate on the four-

charged-pion continuum which is a background for future
studies of diffractively produced resonances. We shall
present a first evaluation of the four-pion continuum in
the framework of the tensor Pomeron model consistent
with general rules of quantum field theory. Here we shall
give explicit expressions for the amplitudes of ρρ≡
ρð770Þρð770Þ and σσ ≡ f0ð500Þf0ð500Þ production with

the ρ and σ decaying to πþπ−. We shall discuss their
specificity and relevance for the pp → ppπþπ−πþπ−
reaction. In the Appendix we present the formulas of the
double-Pomeron exchange mechanism for the exclusive
production of scalar resonances decaying into σσ and/or
ρρ pairs.

II. EXCLUSIVE DIFFRACTIVE PRODUCTION
OF FOUR PIONS

In the present paper we consider the 2 → 6 processes
from the diagrams shown in Fig. 1,

pp → ppσσ → ppπþπ−πþπ−;

pp → ppρρ → ppπþπ−πþπ−: ð2:1Þ

That is, we treat effectively the 2 → 6 processes (2.1) as
arising from 2 → 4 processes, the central diffractive pro-
duction of two scalar σ mesons and two vector ρ mesons in
proton-proton collisions. To calculate the total cross
section for the 2 → 4 reactions one has to calculate the
8-dimensional phase-space integral numerically [8].1 Some
modifications of the 2 → 4 reaction are needed to simulate
the 2 → 6 reaction with πþπ−πþπ− in the final state. For
example, one has to include in addition a smearing of the σ
and ρ masses due to their instabilities. Then, the general
cross-section formula can be written approximately as

σ2→6 ¼
Z

maxfmX3
g

2mπ

Z
maxfmX4

g

2mπ

σ2→4ð…; mX3
; mX4

Þ

× fMðmX3
ÞfMðmX4

ÞdmX3
dmX4

: ð2:2Þ

Here we use for the calculation of the decay processes
M → πþπ− with M ¼ σ, ρ the spectral function

FIG. 1. The “Born level” diagrams for double-Pomeron/Reggeon central exclusive σσ (left) and ρρ (right) production and their
subsequent decays into πþπ−πþπ− in proton-proton collisions.

1In the integration over four-body phase space the transverse
momenta of the produced particles (p1t, p2t, p3t, p4t), the
azimuthal angles of the outgoing protons (ϕ1, ϕ2), and the
rapidity of the produced mesons (y3, y4) were chosen as
integration variables over the phase space.
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fMðmXi
Þ ¼

�
1 −

4m2
π

m2
Xi

�
n=2 2

πm
2
MΓM;tot

ðm2
Xi
−m2

MÞ2 þm2
MΓ2

M;tot
NI;

ð2:3Þ

where i ¼ 3, 4. In (2.3) n ¼ 3, NI ¼ 1 for ρ meson and
n ¼ 1, NI ¼ 2

3
for σ meson, respectively. The quantity

ð1 − 4m2
π=m2

Xi
Þn=2 smoothly decreases the spectral function

when approaching the πþπ− threshold, mXi
→ 2mπ .

A. pp → ppσσ

Here we discuss the exclusive production of σσ ≡
f0ð500Þf0ð500Þ pairs in proton-proton collisions,

pðpa; λaÞ þ pðpb; λbÞ
→ pðp1; λ1Þ þ σðp3Þ þ σðp4Þ þ pðp2; λ2Þ; ð2:4Þ

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 mesons, respectively.
The diagram for the σσ production with an intermediate

σ meson is shown in Fig. 1 (left). The amplitude for this
process can be written as the following sum:

Mðσ−exchangeÞ
pp→ppσσ ¼ MðPP→σσÞ þMðPf2R→σσÞ

þMðf2RP→σσÞ þMðf2Rf2R→σσÞ: ð2:5Þ

For instance, the PP-exchange amplitude can be written as

MðPP→σσÞ ¼ Mðt̂Þ
λaλb→λ1λ2σσ

þMðûÞ
λaλb→λ1λ2σσ

ð2:6Þ

with the t̂- and û-channel amplitudes

Mðt̂Þ
λaλb→λ1λ2σσ

¼ ð−iÞūðp1; λ1ÞiΓðPppÞ
μ1ν1 ðp1; paÞuðpa; λaÞiΔðPÞμ1ν1;α1β1ðs13; t1ÞiΓðPσσÞ

α1β1
ðpt;−p3ÞiΔðσÞðptÞ

× iΓðPσσÞ
α2β2

ðp4; ptÞiΔðPÞα2β2;μ2ν2ðs24; t2Þūðp2; λ2ÞiΓðPppÞ
μ2ν2 ðp2; pbÞuðpb; λbÞ; ð2:7Þ

MðûÞ
λaλb→λ1λ2σσ

¼ ð−iÞūðp1; λ1ÞiΓðPppÞ
μ1ν1 ðp1; paÞuðpa; λaÞiΔðPÞμ1ν1;α1β1ðs14; t1ÞiΓðPσσÞ

α1β1
ðp4; puÞiΔðσÞðpuÞ

× iΓðPσσÞ
α2β2

ðpu;−p3ÞiΔðPÞα2β2;μ2ν2ðs23; t2Þūðp2; λ2ÞiΓðPppÞ
μ2ν2 ðp2; pbÞuðpb; λbÞ; ð2:8Þ

where pt ¼ pa − p1 − p3, pu ¼ p4 − pa þ p1, sij ¼ ðpi þ pjÞ2, t1 ¼ ðp1 − paÞ2, t2 ¼ ðp2 − pbÞ2. Here ΔðPÞ and ΓðPppÞ

denote the effective propagator and proton vertex function, respectively, for the tensorial Pomeron. The effective
propagators and vertex functions for the tensorial Pomeron/Reggeon exchanges respect the standard crossing and charge-
conjugation relations of quantum field theory. For the explicit expressions of these terms see Sec. 3 of [14]. We assume that
ΓðPσσÞ has the same form as ΓðPππÞ [see (3.45) of [14]] but with the Pσσ coupling constant gPσσ instead of the Pππ one
2βPππ . The scalar meson propagatorΔðσÞ is taken as in (4.7) and (4.8) of [7] with the running (energy-dependent) width. In a
similar way the Pf2R, f2RP, and f2Rf2R amplitudes can be written. For the f2Rσσ vertex our ansatz is as for f2Rππ in
(3.53) of [14] but with gf2Rππ replaced by gf2Rσσ.
In the high-energy small-angle approximation we can write the 2 → 4 amplitude (2.5) as

Mðσ−exchangeÞ
λaλb→λ1λ2σσ

≃ 2ðp1 þ paÞμ1ðp1 þ paÞν1δλ1λaF1ðt1ÞFMðt1ÞfVμ1ν1ðs13; t1; pt;−p3ÞΔðσÞðptÞVμ2ν2ðs24; t2; pt; p4Þ½F̂σðp2
t Þ�2

þ Vμ1ν1ðs14; t1; pu; p4ÞΔðσÞðpuÞVμ2ν2ðs23; t2; pu;−p3Þ½F̂σðp2
uÞ�2g

× 2ðp2 þ pbÞμ2ðp2 þ pbÞν2δλ2λbF1ðt2ÞFMðt2Þ: ð2:9Þ

The function Vμν has the form (M0 ≡ 1 GeV)

Vμνðs; t; k2; k1Þ ¼ ðk1 þ k2Þμðk1 þ k2Þν
1

4s

�
3βPNNgPσσð−isα0PÞαPðtÞ−1 þ

1

2M2
0

gf2Rppgf2Rσσð−isα0f2RÞαf2R ðtÞ−1
�
; ð2:10Þ

where βPNN ¼ 1.87 GeV−1 and gf2Rpp ¼ 11.04 from
(6.53) and (6.55) of [14], respectively.
If the σ meson has substantial gluon content or some

qq̄qq̄ component, its coupling to P and f2R may be larger
than for the pion. To illustrate effects of this possibility we
take in the calculation two sets of the coupling constants,

set A∶ gPσσ ¼ 2βPππ; gf2Rσσ ¼ gf2Rππ; ð2:11Þ

set B∶ gPσσ ¼ 4βPππ; gf2Rσσ ¼ 2gf2Rππ; ð2:12Þ

where βPππ ¼ 1.76 GeV−1 and gf2Rππ ¼ 9.30 from (7.15)
and (7.16) of [14], respectively.
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The form of the off-shell meson form factor F̂σðk2Þ in
(2.9) and of the analogous form factor for ρ mesons F̂ρðk2Þ
(see the next section) is unknown. We write generically
F̂Mðk2Þ ðM ¼ σ; ρÞ for these form factors, which we
normalize to unity at the on-shell point, F̂Mðm2

MÞ ¼ 1,
and parametrize here in two ways,

F̂Mðk2Þ ¼ exp

�
k2 −m2

M

Λ2
off;E

�
; ð2:13Þ

F̂Mðk2Þ ¼
Λ2
off;Mp −m2

M

Λ2
off;Mp − k2

; Λoff;Mp > mM: ð2:14Þ

The cutoff parameters Λoff;E for the exponential form or
Λoff;Mp for the monopole form of the form factors can be
adjusted to experimental data.
A factor 1

2
, due to the identity of the two σ mesons in the

final state, has to be taken into account in the phase-space
integration in (2.2).

B. pp → ppρρ

Here we focus on exclusive production of ρρ≡
ρð770Þρð770Þ in proton-proton collisions, see Fig. 1 (right),

pðpa; λaÞ þ pðpb; λbÞ → pðp1; λ1Þ þ ρðp3; λ3Þ
þ ρðp4; λ4Þ þ pðp2; λ2Þ; ð2:15Þ

where p3;4 and λ3;4 ¼ 0;�1 denote the four-momenta and
helicities of the ρ mesons, respectively. We write the
amplitude as

Mλaλb→λ1λ2ρρ¼ðϵðρÞρ3 ðλ3ÞÞ�ðϵðρÞρ4 ðλ4ÞÞ�Mρ3ρ4
λaλb→λ1λ2ρρ

; ð2:16Þ

where ϵðρÞρ ðλÞ are the polarization vectors of the ρ meson.
Then, with the expressions for the propagators, vertices,

and form factors, from [14] Mρ3ρ4 can be written in the
high-energy approximation as

Mðρ−exchangeÞρ3ρ4
λaλb→λ1λ2ρρ

≃ 2ðp1 þ paÞμ1ðp1 þ paÞν1δλ1λaF1ðt1ÞFMðt1Þ
× fVρ3ρ1μ1ν1ðs13; t1; pt; p3ÞΔðρÞ

ρ1ρ2ðptÞVρ4ρ2μ2ν2ðs24; t2;−pt; p4Þ½F̂ρðp2
t Þ�2

þ Vρ4ρ1μ1ν1ðs14; t1;−pu; p4ÞΔðρÞ
ρ1ρ2ðpuÞVρ3ρ2μ2ν2ðs23; t2; pu; p3Þ½F̂ρðp2

uÞ�2g
× 2ðp2 þ pbÞμ2ðp2 þ pbÞν2δλ2λbF1ðt2ÞFMðt2Þ; ð2:17Þ

where Vμνκλ reads as

Vμνκλðs; t; k2; k1Þ ¼ 2Γð0Þ
μνκλðk1; k2Þ

1

4s

�
3βPNNaPρρð−isα0PÞαPðtÞ−1 þ

1

M0

gf2Rppaf2Rρρð−isα0f2RÞαf2R ðtÞ−1
�

− Γð2Þ
μνκλðk1; k2Þ

1

4s

�
3βPNNbPρρð−isα0PÞαPðtÞ−1 þ

1

M0

gf2Rppbf2Rρρð−isα0f2RÞαf2R ðtÞ−1
�
: ð2:18Þ

The explicit tensorial functions ΓðiÞ
μνκλðk1; k2Þ, i ¼ 0, 2, are

given in Ref. [14]; see formulas (3.18) and (3.19), respec-
tively. In our calculations we used the parameter set A of
coupling constants a and b from [17]; see Eq. (2.15) there.
We consider in (2.15) unpolarized protons in the initial

state and no observation of polarizations in the final state.
In the following we are mostly interested in the invariant
mass distributions of the 4π system and in distributions of
the parent ρ mesons. Therefore, we have to insert in (2.2)
the cross section σ2→4 summed over the ρ meson polar-
izations. The spin sum for a ρ meson of momentum k and
squared mass k2 ¼ m2

X isX
λ¼0;�1

ϵðρÞμðλÞðϵðρÞνðλÞÞ� ¼ −gμν þ kμkν

m2
X
: ð2:19Þ

However, the kμkν terms do not contribute since we have
the relations

p3ρ3M
ρ3ρ4
λaλb→λ1λ2ρρ

¼ 0; p4ρ4M
ρ3ρ4
λaλb→λ1λ2ρρ

¼ 0: ð2:20Þ

These follow from the properties of Γð0;2Þ
μνκλ in (2.18); see

(3.21) of [14].
Taking also into account the statistical factor 1

2
due to the

identity of the two ρ mesons we get for the amplitudes
squared [to be inserted in σ2→4 in (2.2)]

1

2

1

4

X
spins

jðϵðρÞρ3 ðλ3ÞÞ�ðϵðρÞρ4 ðλ4ÞÞ�Mρ3ρ4
λaλb→λ1λ2ρρ

j2

¼ 1

8

X
λa;λb;λ1;λ2

ðMσ3σ4
λaλb→λ1λ2ρρ

Þ�Mρ3ρ4
λaλb→λ1λ2ρρ

gσ3ρ3gσ4ρ4 :

ð2:21Þ
So far we have treated the exchanged mesonic object for

ρ0ρ0 production as a spin-1 particle. However, we should
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take into account the fact that the exchanged intermediate
object is not a simple meson but may correspond to a whole
family of daughter exchanges; that is, the Reggeization of
the intermediate ρ meson is necessary. For related works,
where this effect was included in practical calculations, see
e.g., [15,22]. The “Reggeization” of the amplitude given in
Eq. (2.17) is included here for

ffiffiffiffiffiffi
s34

p ≥ 2mρ only approx-
imately, by replacing the ρ propagator both in the t̂- and
û-channel amplitudes by

ΔðρÞ
ρ1ρ2ðpÞ → ΔðρÞ

ρ1ρ2ðpÞ
�
s34
s0

�
αρðp2Þ−1

; ð2:22Þ

where we take s0 ¼ 4m2
ρ and αρðp2Þ ¼ 0.5þ 0.9t with the

momentum transfer t ¼ p2.
To give the full physical amplitudes we should add

absorptive corrections to the Born amplitudes (2.9) and
(2.17) for the pp → ppσσ and pp → ppρρ reactions,
respectively. For the details how to include the pp-
rescattering corrections in the eikonal approximation for
the four-body reaction see Sec. III. C of [17].

III. PRELIMINARY RESULTS

In this section we wish to present first results for the
pp → ppσσ and pp → ppρρ processes corresponding to
the diagrams shown in Fig. 1.
We start from a discussion of the πþπ−πþπ− invariant

mass distribution. In Fig. 2 we compare the σσ and ρρ
contributions to the CERN-ISR data [23] at

ffiffiffi
s

p ¼ 62 GeV.
Here, the four pions are restricted to lie in the rapidity
region jyπj < 1.5 and the cut2 jxpj > 0.9 is imposed on the

outgoing protons. In Ref. [23] five contributions to the four-
pion spectrum were identified. A 4π phase-space term with
total angular momentum J ¼ 0, two ρππ terms with J ¼ 0
and J ¼ 2, and two ρρ terms with J ¼ 0 and J ¼ 2. In the
following we will compare the 4π phase-space term with
our σσ result, and the ρρ terms with our ρρ result. The
theoretical results correspond to the calculation including
absorptive corrections related to the pp nonperturbative
interaction in the initial and final state. The ratio of full and
Born cross sections hS2i (the gap survival factor) is
approximately hS2i ¼ 0.4. In our calculation both the
PP and the Pf2R, f2RP, f2Rf2R exchanges were included.
At the ISR energy the f2R exchanges, including their
interference terms with the PP one, give about 50% to the
total cross section.
In the left panel of Fig. 2 we compare our σσ contribution

assuming the coupling constants (2.12) with the 4π (J ¼ 0,
phase space) ISR data (marked as full data points). We
present results for two different forms of off-shell meson
form factor, the exponential type (2.13), Λoff;E ¼ 1.6 GeV,
and the monopole type (2.14), Λoff;Mp ¼ 1.6 GeV; see the
black lower line and the red upper line, respectively. There
is quite a good agreement between our σσ result with a
monopole form factor and the 4π (J ¼ 0, phase space) data.
Note that this implies that the set B of Pσσ and f2Rσσ
couplings, which are larger than the corresponding pion
couplings, seems to be preferred.
In the right panel of Fig. 2 we compare our result for the

ρρ contribution to corresponding ISR data.3 In the calcu-
lation of the ρρ contribution we take into account the

FIG. 2. Invariant mass distributions for the central πþπ−πþπ− system compared to the CERN-ISR data [23] at
ffiffiffi
s

p ¼ 62 GeV. In the
left panel the lines represent results for the σσ contribution only and with the enhanced Pomeron/Reggeon-σ-σ couplings (2.12). We
used two forms of the off-shell meson form factor, the exponential form (2.13) with Λoff;E ¼ 1.6 GeV (the black lines) and the monopole
form (2.14) with Λoff;Mp ¼ 1.6 GeV (the red thin lines). In the right panel the lines represent results for the ρρ contribution without (the
dotted lines) and with (the solid lines) the inclusion of the intermediate ρmeson Reggeization. For comparison, the upper blue solid line
was obtained with the monopole form factor and Λoff;Mp ¼ 1.8 GeV. The absorption effects were included here.

2The Feynman-x variable was defined as xp ¼ 2pz;p=
ffiffiffi
s

p
in the

center-of-mass frame with pz;p the longitudinal momentum of the
outgoing proton.

3Here we plotted the sum of the experimental cross section
σ ¼ σJ¼0 þ σJ¼2 for the J ¼ 0 and J ¼ 2 ρρ terms [see Figs. 3(c)
and 3(e) in [23], respectively] and the corresponding error is
approximated as δσ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ2J¼0 þ δ2J¼2

p
.

EXCLUSIVE DIFFRACTIVE PRODUCTION OF … PHYSICAL REVIEW D 94, 034017 (2016)

034017-5



intermediate ρ meson Reggeization. The Reggeization
leads to an extra strong damping of the large M4π cross
section. The effect of Reggeization is expected only when
the separation in rapidity between the two produced
resonances is large. We will return to this issue later in
this section. We note that our model is able to give a
qualitative account of the ISR ρρ data for M4π ≳ 1.4 GeV
within the large experimental errors.
The total 4π experimental data (marked as open data

points in the left panel of Fig. 2) are also shown for
comparison. In Ref. [23] an integrated (total) cross section
of 46 μb at

ffiffiffi
s

p ¼ 62 GeV was estimated. There are other
processes besides the ones of (2.1) contributing to the 4π
final state, such as resonance production shown in the
diagrams in Fig. 6 of the Appendix. Thus, the σσ and the ρρ
contributions considered here should not be expected to fit
the ISR data precisely. In addition, the ISR 4π data includes
also a large ρ0πþπ− (J ¼ 0 and J ¼ 2) component [see
Figs. 3(b) and 3(d) of [23]] with an enhancement in the
J ¼ 2 term which was interpreted there as a f2ð1720Þ state.
Also the ρ0ρ0 (J ¼ 2) term indicates a signal of f2ð1270Þ
state; see Fig. 3(e) of [23]. Therefore, a consistent model for
the resonance and continuum contributions, including the

interference effects between them, would be required to
better describe the ISR data. We leave this interesting
problem for future studies.
In Fig. 3 we show our preliminary four-pion invariant

mass distributions for experimental cuts relevant for the
RHIC and LHC experiments. In the calculation of the σσ
and the ρρ contributions the Pomeron and f2R exchanges
were included. Imposing limitations on pion (pseudo)
rapidities, e.g., jηπj < 1, and going to higher energies
strongly reduces the role of subleading f2R exchanges.
The gap survival factors hS2i estimated within the eikonal
approximation are 0.30, 0.21, 0.23 for

ffiffiffi
s

p ¼ 0.2, 7, 13 TeV,
respectively. In the case of the σσ contribution we use two
sets of the coupling constants: standard (2.11) and
enhanced (2.12) ones.
The correlation in rapidity of pion pairs ðY3;Y4Þ (e.g.,

Y3 means Yπþπ− , where the pions are produced from a
meson decay) for both the σσ and the ρρ contributions is
displayed in Fig. 4 for

ffiffiffi
s

p ¼ 200 GeV. For the σσ con-
tribution [Fig. 4 (top)], we observe a strong correlation
Y3 ≈ Y4. For the ρρ case the ðY3;Y4Þ distribution extends
over a much broader range of Y3 ≠ Y4 which is due to the
exchange of the spin-1 particle. However, as discussed in

FIG. 3. Four-pion invariant mass distributions for different center-of-mass energies
ffiffiffi
s

p
and experimental kinematical cuts. The black

lines represent results for the ρρ contribution, and the blue lines for the σσ contribution. The exponential off-shell meson form factors
(2.13) with Λoff;E ¼ 1.6 GeV were used. For the case of σσ contribution only the red dot-dashed line was obtained with the monopole
form factor and Λoff;Mp ¼ 1.6 GeV. The absorption effects were included here.
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the section devoted to the formalism, we may include, at
least approximately, the effect of Reggeization of the
intermediate ρ meson. In the left and right bottom panels
we show the results without and with the ρ meson
Reggeization, respectively. As shown in the right panel,
this effect becomes crucial when the separation in rapidity
between the two ρ mesons increases. After the
Reggeization is performed, the two-dimensional

distribution looks very similar to the σσ case. The
Reggeization effect discussed here is also closely related
to the damping of the four-pion invariant mass distribution
discussed already in Fig. 2.
In Table I we have collected integrated cross sections in

μb with different experimental cuts for the exclusive
πþπ−πþπ− production including only the contributions
shown in Fig. 1. The collected results were obtained in the

FIG. 4. The distributions in ðY3;Y4Þ space for the reaction pp → ppπþπ−πþπ− via the fusion of two tensor Pomerons and f2R
Reggeons at

ffiffiffi
s

p ¼ 200 GeV. Plotted is the ratio RY3Y4
¼ d2σ

dY3dY4
=
R
dY3dY4

d2σ
dY3dY4

. We show the σσ contribution (top) and the ρρ

contribution (bottom) without (left) and with (right) the ρ meson Reggeization included. Here Λoff;E ¼ 1.6 GeV was used.

TABLE I. The integrated Born level (no gap survival factors) cross sections in μb for the central exclusive πþπ−πþπ− production in
pp collisions via the σσ and ρρmechanisms given in Fig. 1 for some typical experimental cuts. The σσ contribution was calculated using
the coupling constants (2.12) while the ρρ contribution is without and with (in parentheses) the inclusion of the intermediate ρ meson
Reggeization.

Cross sections in μbffiffiffi
s

p
, TeV Cuts σσ ρρ

0.062 jyπ j < 1.5, jxpj > 0.9 37.92 10.66 (2.17)
0.2 jηπj < 1, pt;π > 0.15 GeV, 0.005 < −t < 0.03 GeV2 0.30 0.10 (0.02)
0.2 jηπj < 1, pt;π > 0.15 GeV, 0.03 < −t < 0.3 GeV2 2.94 0.88 (0.17)
7 jηπj < 0.9, pt;π > 0.1 GeV 10.40 2.79 (0.53)
7 jyπ j < 2, pt;π > 0.2 GeV 34.88 17.94 (2.20)
13 jηπj < 1, pt;π > 0.1 GeV 16.18 3.56 (0.72)
13 jηπj < 2.5, pt;π > 0.1 GeV 120.06 45.58 (6.21)
13 jηπj < 2.5, pt;π > 0.1 GeV, −t > 0.04 GeV2 47.52 18.08 (2.44)
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calculations with the tensor Pomeron and Reggeon
exchanges. In the calculations the off-shell meson form
factor (2.13) with Λoff;E ¼ 1.6 GeV was used. No absorp-
tion effects were included in the quoted numbers. The full
cross section can be obtained by multiplying the Born cross
section by the corresponding gap survival factor hS2i.
These factors depend on the kinematic cuts and are 0.40
(ISR), 0.46 (STAR, lower jtj), 0.30 (STAR, higher jtj), 0.21
(

ffiffiffi
s

p ¼ 7 TeV), 0.19 (
ffiffiffi
s

p ¼ 13 TeV), and 0.23 (
ffiffiffi
s

p ¼
13 TeV, with cuts on jtj). The cross sections for the ρρ
final state found here are more than 3 orders of magnitude
larger than the cross sections for the γγ → ρρ and double
scattering mechanisms considered recently in [20].
Finally, in Fig. 5, we discuss some observables which are

very sensitive to the absorptive corrections. Quite a different
pattern can be seen for the Born case and for the case with
absorption included. The absorptive corrections lead to
significant modification of the shape of the ϕpp distribution
(ϕpp is the azimuthal angle between the pt vectors of the
outgoing protons) and lead to an increase of the cross section
for the proton four-momentum transfer t ¼ t1 ¼ t2 at large
jtj. This effect could be verified in future experiments when
both protons are measured, which should be possible for
ATLAS-ALFA [5] and CMS-TOTEM.

IV. CONCLUSIONS

In the present paper we have presented the first estimates
of the contributions with the intermediate f0ð500Þf0ð500Þ,
ρð770Þρð770Þ resonance pairs to the reaction pp →
ppπþπ−πþπ− which is being analyzed experimentally by
the STAR, ALICE, CMS, and ATLAS collaborations. The
resultswere obtainedwithin amodelwhere the Pomeron and
f2R Reggeon are treated as effective tensor exchanges. The
results for processes with the exchange of heavy (compared
to pion) mesons strongly depend on the details of the

hadronic form factors. By comparing the theoretical results
and the cross sections found in the CERN-ISR experiment
[23] we fixed the parameters of the off-shell meson form
factor and thePσσ and f2Rσσ couplings. The corresponding
values of parameters can be verified by future experimental
results obtained at RHIC and LHC.
We have made estimates of the integrated cross sections

for different experimental situations and have shown several
differential distributions. The pion-pair rapidities of the two
σ mesons are strongly correlated (Y3 ≈ Y4). This is due to a
strong interference effect between the t̂- and û-channel
amplitudes. For the ρρ contribution the situation is the
following. Ifwe take for the propagator of the exchangedρ in
Fig. 1 (right) the standard particle propagator the Y3–Y4

correlation is very weak. However, for a reggeized ρ
propagator we get again a strong Y3–Y4 correlation, similar
to that found in the σσ case; see Fig. 4. This is under-
standable since the Reggeization suppresses contributions
where the two produced ρ mesons have large subsystem
energies, i.e., where there is a large rapidity distance
between the two ρ mesons.
We have found in this paper that the diffractive mecha-

nism in proton-proton collisions considered by us leads to a
cross section for the ρρ final state more than 3 orders of
magnitude larger than the corresponding cross section for
γγ → ρρ and double scattering photon-Pomeron (Pomeron-
photon) mechanisms considered recently in [20].
Closely related to the reaction pp → ppπþπ−πþπ−

studied by us here is the 4π production in ultraperipheral
nucleus-nucleus collisions. A phenomenological study of
the reaction mechanism of AA → AAρ0ρ0 was performed in
Refs. [18,21]. The application of our methods, based on the
tensor-Pomeron concept, to collisions involving nuclei is
an interesting problem; however, this goes beyond the
scope of the present work.

FIG. 5. Distributions in the proton-proton relative azimuthal angle (left) and in the four-momentum squared of one of the protons
(right) for the central σσ → πþπ−πþπ− contribution at

ffiffiffi
s

p ¼ 13 TeV with the kinematical cuts specified in the legend. The solid line
corresponds to the Born calculations and the long-dashed line corresponds to the result including the pp absorptive corrections. Here the
enhanced Pomeron/Reggeon-σ-σ couplings (2.12) and the exponential form of an off-shell meson form factor (2.13) with Λoff;E ¼
1.6 GeV were used.
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To summarize, we have given a consistent treatment of the
πþπ−πþπ− production via two scalar σ mesons and two
vector ρ mesons in an effective field-theoretic approach. A
measurable cross sectionof order of a fewμbwas obtained for
the pp → ppπþπ−πþπ− process, which should provide
experimentalists with an interesting challenge to check and
explore.
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APPENDIX: FOUR-PION PRODUCTION
THROUGH f 0 → σσ AND f 0 → ρρ MECHANISMS

Here we discuss the diffractive production of the scalar
f0ð1370Þ, f0ð1500Þ, and f0ð1710Þ resonances decaying at
least potentially into the πþπ−πþπ− final state. We present
relevant formulas for the resonance contributions that could
be used in future analyses. At present a precise calculation of
the resonance contributions to the four-pion channel is not
possible as some details of the relevant decays are not well
understood.
The production and decay properties of the scalar

mesons in the 4π channel, such as the f0ð1370Þ and
f0ð1500Þ states, have been investigated extensively
in central diffractive production by the WA102
Collaboration at

ffiffiffi
s

p ¼ 29.1 GeV [24–26] and in pp̄ and
p̄n annihilations by the Crystal Barrel Collaboration [27].
In central production, see Fig. 3 of [25], there is a very clear
signal from f0ð1500Þ in the 4π spectra, especially in the σσ
channel, and some evidence of the broad f0ð1370Þ reso-
nance in the ρρ channel. In Fig. 1 of Ref. [26] the JPC ¼
0þþ ρρ wave from the πþπ−πþπ− channel in four different
ϕpp intervals (each of 45°) was shown. A peak below
M4π ≃ 1500 MeV was clearly seen, which can be inter-
preted as the interference effect of the f0ð1370Þ state, the

f0ð1500Þ state, and the broad 4π background. In principle,
the contributions from the f0ð1710Þ and f0ð2020Þ are also
not excluded. In Table 1 of [26] the percentage of each
resonance in three intervals of the so-called “glueball filter
variable” (dPT) was shown. The idea being that for small
differences in the transverse momentum vectors between
the two exchanged “particles” an enhancement in the
production of glueballs relative to qq̄ states may occur.
The dPT dependence and the ϕpp distributions presented
there are similar to what was found in the analysis of the
πþπ− channel [28]. In Refs. [29,30] it was shown that also
the f0ð1710Þ state has a similar behavior in the azimuthal
angle ϕpp and in the dPT variable as the f0ð1500Þ state.
That is, all the undisputed qq̄ states are observed to be
suppressed at small dPT , but the glueball candidates
f0ð1500Þ, f0ð1710Þ, together with the enigmatic
f0ð980Þ, survive. It was shown in [26] that the f0ð1370Þ
and f0ð2000Þ have similar dPT and ϕpp dependences. The
fact that f0ð1370Þ and f0ð1500Þ states have different dPT
and ϕpp dependences confirms that these are not simply J
dependent phenomena.4 This is also true for the J ¼ 2
states, where the f2ð1950Þ state has different dependences
compared to the f2ð1270Þ and f02ð1520Þ states [28]. We
wish to emphasize that in [15] we obtained a good
description of the WA102 experimental distributions
[28,34,35] for the scalar and pseudoscalar mesons within
the framework of the tensor Pomeron approach. The dPT
and ϕpp effects can be understood as being due to the fact
that in general more than one Pomeron-Pomeron-meson
coupling structure is possible [15]. The behavior of the
tensor f2ð1270Þ state was discussed recently in [7]; see
Figs. 4 and 5 there.
In the following we present our analytic expressions for

the diagrams of Fig. 6 for PP fusion only. The extension to
include Pf2R, f2RP, and f2Rf2R fusion is straightforward.

1. pp → ppðf 0 → σσÞ
Here we consider the amplitude for the reaction (2.4)

through an s-channel scalar resonance f0 → σσ; see Fig. 6
(left). Here f0 stands for one of the f0ð1370Þ, f0ð1500Þ, or
f0ð1710Þ states.
In the high-energy small-angle approximation we can

write this amplitude as

Mðf0→σσÞ
λaλb→λ1λ2σσ

≃ 3βPNN2ðp1 þ paÞμ1ðp1 þ paÞν1δλ1λaF1ðt1Þ
1

4s1
ð−is1α0PÞαPðt1Þ−1

× ΓðPPf0Þμ1ν1;μ2ν2ðq1; q2ÞΔðf0Þðp34ÞΓðf0σσÞðp3; p4Þ

×
1

4s2
ð−is2α0PÞαPðt2Þ−13βPNN2ðp2 þ pbÞμ2ðp2 þ pbÞν2δλ2λbF1ðt2Þ; ðA1Þ

4Some essential discrepancy for f0ð1370Þ and f0ð1500Þ states in the different decay channels was discussed, e.g., in Refs. [31,32]. In
Ref. [33], by using a three-flavor chiral effective approach, the authors found that f0ð1710Þ is predominantly the gluonic state and the
ρρ → 4π decay channel is strongly suppressed.
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where s1 ¼ ðp1 þ p3 þ p4Þ2, s2 ¼ ðp2 þ p3 þ p4Þ2,
q1 ¼ pa − p1, q2 ¼ pb − p2, t1 ¼ q21, t2 ¼ q22, and
p34 ¼ p3 þ p4.
The effective Lagrangians and the vertices for PP fusion

into an f0 meson are discussed in Appendix A of [15]. As
was shown there, the tensorial PPf0 vertex corresponds to
the sum of two lowest values of ðl; SÞ, that is, ðl; SÞ ¼
ð0; 0Þ and (2,2) with coupling parameters g0PPM and g00PPM,
respectively. The vertex, including a form factor, reads then
as follows (p34 ¼ q1 þ q2):

iΓðPPf0Þ
μν;κλ ðq1;q2Þ

¼ðiΓ0ðPPf0Þ
μν;κλ jbareþ iΓ00ðPPf0Þ

μν;κλ ðq1;q2ÞjbareÞ ~FðPPf0Þðq21;q22;p2
34Þ;

ðA2Þ

see (A.21) of [15]. Unfortunately, the Pomeron-Pomeron-
meson form factor is not well known as it is due to
nonperturbative effects related to the internal structure of
the respective meson. In practical calculations we take the
factorized form for the PPf0 form factor

~FðPPf0Þðq21; q22; p2
34Þ ¼ FMðq21ÞFMðq22ÞFðPPf0Þðp2

34Þ ðA3Þ

normalized to ~FðPPf0Þð0; 0; m2
f0
Þ ¼ 1. We will further set

FðPPf0Þðp2
34Þ ¼ exp

�−ðp2
34 −m2

f0
Þ2

Λ4
f0

�
;

Λf0 ¼ 1 GeV: ðA4Þ
For the f0σσ vertex we have

iΓðf0σσÞðp3; p4Þ ¼ igf0σσM0Fðf0σσÞðp2
34Þ; ðA5Þ

where gf0σσ is an unknown parameter. We assume gf0σσ > 0

and Fðf0σσÞðp2
34Þ ¼ FðPPf0Þðp2

34Þ; see Eq. (A4).

2. pp → ppðf 0 → ρρÞ
Now we consider the amplitude for the reaction (2.15)

through f0 exchange in the s-channel as shown in
Fig. 6 (right). In the high-energy approximation we can
write the amplitude as shown in (2.16) with

Mðf0→ρρÞρ3ρ4
λaλb→λ1λ2ρρ

≃ 3βPNN2ðp1 þ paÞμ1ðp1 þ paÞν1δλ1λaF1ðt1Þ
1

4s1
ð−is1α0PÞαPðt1Þ−1

× ΓðPPf0Þμ1ν1;μ2ν2ðq1; q2ÞΔðf0Þðp34ÞΓðf0ρρÞρ3ρ4ðp3; p4Þ

×
1

4s2
ð−is2α0PÞαPðt2Þ−13βPNN2ðp2 þ pbÞμ2ðp2 þ pbÞν2δλ2λbF1ðt2Þ; ðA6Þ

where we take for the f0ρρ vertex the following ansatz:

Γðf0ρρÞρ3ρ4ðp3; p4Þ ¼ g0f0ρρ
2

M3
0

½p2
3p

2
4g

ρ3ρ4 − p2
4p

ρ3
3 p

ρ4
3 − p2

3p
ρ3
4 p

ρ4
4 þ ðp3 · p4Þpρ3

3 p
ρ4
4 �F0ðf0ρρÞðp2

3; p
2
4; p

2
34Þ

þ g00f0ρρ
2

M0

½pρ3
4 p

ρ4
3 − ðp3 · p4Þgρ3ρ4 �F00ðf0ρρÞðp2

3; p
2
4; p

2
34Þ ðA7Þ

with g0f0ρρ and g00f0ρρ being free parameters. Different form factors F0 and F00 are allowed a priori. The vertex in Eq. (A7)
fulfills the following relations:

FIG. 6. The Born-level diagrams for double-Pomeron/Reggeon central exclusive production of πþπ−πþπ− through f0 → σσ (left) and
f0 → ρρ (right) in proton-proton collisions.
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p3ρ3Γ
ðf0ρρÞρ3ρ4ðp3; p4Þ ¼ 0; p4ρ4Γ

ðf0ρρÞρ3ρ4ðp3; p4Þ ¼ 0: ðA8Þ

When evidence for one or more of the f0 resonances discussed here is obtained from RHIC and/or LHC experiments, the
formulas given in this appendix should be useful. Then, it will hopefully be possible to determine empirically the coupling
parameters of the relevant vertices, i.e., PPf0, f0σσ, and f0ρρ.
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