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We include new additional absorption corrections into the double Pomeron/Reggeon exchange
(nonresonant) model for pp → ppπþπ− or pp̄ → pp̄πþπ− processes. They are related to the πN
nonperturbative interaction in the final state of the reaction. We present predictions of cross sections
for RHIC, Tevatron, and LHC experiments. The new absorption corrections lead to a further decrease of the
cross section by about a factor of 2. The role of the absorption corrections is quantified for several
differential distributions. They change the shape of some distributions (dσ=dt, dσ=dpt;p, dσ=dϕpp) but
leave almost unchanged shape of other distributions (dσ=dMππ , dσ=dyπ , dσ=dpt;π , dσ=dϕππ). The effect
may have an important impact on the interpretation of the recent STAR and CDF data as well as the
forthcoming data of the ALICE, ATLAS/ALFA, and CMS/TOTEM collaborations.
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I. INTRODUCTION

There is a growing experimental and theoretical interest
in an understanding of soft hadronic processes at high
energy; for reviews, see, e.g., [1,2], and the references
therein. One of the reactions which can be relatively easy
to measure is pp → pπþπ−p or pp̄ → pπþπ−p̄ (four
charged particles in the final state). There are several
recently begun experimental projects by the COMPASS
[3,4], STAR [5], CDF [6,7], ALICE [8,9], ATLAS [10], and
CMS [11] collaborations which will measure differential
cross sections for the reaction(s). Here, we wish to compare
predictions of the double Pomeron/Reggeon exchange
model1 with the recent STAR and CDF data.
The principal reason for studying the central exclusive

production of mesons is to search for glueballs [12].
There is some evidence, from an analysis of the decay
modes of the scalar states observed, that the lightest scalar
glueball manifests itself through the mixing with nearby
qq̄ states [13,14]. The exclusive production of lower
mass scalar and pseudoscalar resonances within a tensor
Pomeron approach [15] was recently examined in [16].
Resonant (ρ0 → πþπ−) and nonresonant (Drell-Söding)
photon-Pomeron/Reggeon production was studied in
[17]. In Refs. [18,19] the continuum background to the
production of the χcð0þÞ state via two-body πþπ− and
KþK− decays was considered. For exclusive production
of other mesons, see, e.g., [20–22], where mainly the
noncentral processes were discussed.
Some time ago we proposed a simple phenomenological

model for the πþπ−-continuum mechanism [see the

diagrams in Fig. 1(a)] using the tools of Regge theory
[23], where perturbative QCD cannot be reliably applied.
For early studies of two-pion production, see Refs. [24–26].
In the Lebiedowicz-Szczurek model [23], the parameters
of Pomeron and subleading Reggeon exchanges were
adjusted to describe total and elastic πN scattering. The
nonresonant model can be supplemented to include the
pp or pp̄ absorption effects [18,27]; see the diagrams in
Fig. 1(b). The largest uncertainties in the model are due to
the unknown off-shell pion form factor and the absorption
corrections (the soft survival factor due to screening
corrections). Usually, the absorption is done in the eikonal
approximation. The absorption effects lead to substantial
damping of the cross section. The damping depends on
the collision energy and the kinematical variables. The
model discussed here, with reasonable vertex form factors
accounting for off-shellness of nonpointlike pions in the
middle of the diagrams in Fig. 1, gives a rough description
of the ISR data [28–30]. To get a reasonable description
of currently existing experimental data, the parameter(s) of
the form factors has (have) to be adjusted [18,27].
Recently, the Lebiedowicz-Szczurek model [23] was

implemented in GenEx MC [31]. There, absorptive cor-
rections are not taken into account explicitly. The authors of
[32] constructed a DIME Monte Carlo code, where almost
the same approach was implemented. In [32] a two-channel
eikonal model was considered.
It is not clear if the absorption effects considered so

far are sufficient for describing the data. Any interaction
between participating particles potentially leads to absorp-
tive effects, as it destroys the exclusivity of the process. In
the present paper, we will include the additional absorption
effects due to the strong nonperturbative interaction of
charged pions and (anti-)protons in the final state (see the
corresponding diagrams in Fig. 2), and we will quantify
their role for an integrated cross section and for many
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differential distributions for the considered process.2 Our
theoretical results will be compared to recent experimental
results obtained by the STAR [5] and CDF [6,7] collab-
orations. We will also make some predictions for the
ALICE, ATLAS, and CMS experiments.

II. BORN AMPLITUDE

The amplitude squared for the pp → ppπþπ− process
(with four-momenta pa þ pb → p1 þ p2 þ p3 þ p4) con-
sidered within the framework of Regge theory with the
central πþπ− system produced by the exchange of two
Pomeron/Reggeons in the t channel, as shown in Fig. 1, can
be written as

jMj2 ¼ jMI¼0j2 þ jMI¼1j2 þ jMI¼2j2; ð2:1Þ

where the isospin amplitudes can be decomposed to the
Regge ingredients as

MI¼0 ¼ MPP þMPf2R þMf2RP þMf2Rf2R

þ h1; 0; 1; 0j0; 0iMρRρR ; ð2:2Þ

MI¼1 ¼ MPρR þMρRP þMf2RρR þMρRf2R ; ð2:3Þ

MI¼2 ¼ h1; 0; 1; 0j2; 0iMρRρR : ð2:4Þ

The Clebsch-Gordan coefficients hI1; I31; I2; I32jI; I3i are
h1; 0; 1; 0j0; 0i ¼ −

ffiffiffiffiffiffiffiffi
1=3

p
and h1; 0; 1; 0j2; 0i ¼ ffiffiffiffiffiffiffiffi

2=3
p

.
The situation can be summarized as

jMI¼0j2 ≫ jMI¼1j2 ≫ jMI¼2j2: ð2:5Þ

For the dominant Pomeron-Pomeron contribution we have
C parity C ¼ þ1 and isospin I ¼ 0 of the produced πþπ−
system. In general, not only do the leading double Pomeron
exchanges contribute, but the subleading f2R (C ¼ þ1)
and ρR (C ¼ −1) Reggeon exchanges do as well.3

The Born amplitude with the intermediate pion exchange
can be written as

FIG. 1. (a) Born amplitudes for the pp → ppπþπ− process. (b) Absorptive correction amplitudes due to the pp interaction.

FIG. 2 (color online). New absorptive correction amplitudes for the pp → ppπþπ− process due to the πp interaction in the final state
included in the present analysis.

2We recall that the absorptive corrections caused by the pion-
proton interactions were discussed previously in Sec. 5.2 of [19],
where the “enhanced” screening corrections caused by the
exchange between the upper (lower) proton and the lower (upper)
Pomeron were also mentioned. The authors of [19] expected the
size of both screening effects to be suppressed in the kinematic
domains considered in [19]; therefore, they did not account for
such effects. In our paper we will estimate the absorptive
corrections due to the proton-pion rescattering and will discuss
their influence on distributions in different kinematic variables;
see Sec. IV.

3The ρRρR component is negligible (see the strength param-
eters in Table 2.1 of [27]) and was omitted in our analysis. We
emphasize that at lower energies (COMPASS, ISR) the sublead-
ing f2R exchanges constitute a large contribution to the total cross
section and must be included in addition to the Pomeron
exchanges; see, e.g., Sec. 2.3 of [27]. Furthermore, there is a
large interference effect between the different components in the
amplitude of about 50% (the total cross section in full phase
space); see Sec. 2.6.2 of [27]. As we shall see in the results
section, imposing limitations on pion rapidity jyπj < 1 and going
to higher energies reduces the role of subleading f2R exchanges;
however, because of their non-negligible interference effects with
the leading PP term, we keep them explicitly in our calculations.
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MBorn
pp→ppπþπ− ¼ M13ðs13; t1Þ

F2
πðtÞ

t −m2
π
M24ðs24; t2Þ

þM14ðs14; t1Þ
F2
πðuÞ

u −m2
π
M23ðs23; t2Þ; ð2:6Þ

where the subsystem amplitudesMijðsij; tiÞ denotes “inter-
action” between the forward proton (i ¼ 1) or the backward
proton (i ¼ 2) and one of the two pions (j ¼ 3 for πþ or
j ¼ 4 for π−). Not all combinations of the interactions are
shown in Fig. 1(a). Some absorptive effects are included
inherently in our calculation by using an effective inter-
action fitted to describe the πN elastic scattering data. The
model assumes that the interaction of the proton with
the nearest pion, like p1 with p3, is already accounted for in
the parametrization of the “elementary” proton-pion ampli-
tude. The energy dependence of the πp subsystem ampli-
tudes Mij is parametrized in terms of the Pomeron and the
f2R Reggeon exchange

Mijðsij; tiÞ ¼ ηPsijCπN
P

�
sij
s0

�
αPðtiÞ−1

exp

�
BπN
P

2
ti

�

þ ηf2RsijC
πN
f2R

�
sij
s0

�
αf2R ðtiÞ−1

exp

�
BπN
f2R

2
ti

�
;

ð2:7Þ

where ηP ¼ i, ηf2R ¼ i − cot ½π
2
αf2Rð0Þ�,4 sij is the energy in

the (ij) subsystem, and the energy scale s0 is fixed at
s0 ¼ 1 GeV2. The Pomeron and Reggeon trajectories,
αPðtÞ and αf2RðtÞ, respectively, are assumed to be of a
standard linear form; see, for instance [33],

αPðtÞ ¼ αPð0Þ þ α0Pt; αPð0Þ ¼ 1.0808;

α0P ¼ 0.25 GeV−2; ð2:8Þ

αf2RðtÞ ¼ αf2Rð0Þ þ α0f2Rt; αf2Rð0Þ ¼ 0.5475;

α0f2R ¼ 0.93 GeV−2: ð2:9Þ

We found the slope parameters BπN
P=f2R

from a fitting of the

elastic π�p differential cross sections:

BπN
P ¼ 5.5 GeV−2; BπN

f2R
¼ 4 GeV−2: ð2:10Þ

Our model makes various simplifications, but it describes
the data for elastic πN scattering fairly well for energiesffiffiffiffiffiffiffi
sπN

p ≳ 2.5 GeV (see Fig. 2.2 of [27]).
So far, we have assumed a simple exponential depend-

ence of the πN subprocess amplitudes (2.7) which is valid

only for small jtj (0.01 < −t < 0.4 GeV2). At larger jtj
(t1 or t2 in the 2 → 4 case), the mechanism becomes
more complicated. Here, a subsequent exchange of two
Pomerons and the exchange of the Pomeron together with
the Reggeon, or even pQCD effects (two-gluon exchange),
may show up.5 To have a more realistic t dependence, we
suggest the following replacement in the leading Pomeron
term (see also [44]):

exp

�
BπN
P

2
ti

��
sij
s0

�
α0Pti

→ fðti; sijÞ ¼ exp ðμ2BðsijÞÞ exp
�
−μ2BðsijÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

ti
μ2

r �
;

BðsijÞ ¼ B0 þ 2α0P ln
�
sij
s0

�
; ð2:11Þ

where the free parameters μ, B0 have been adjusted to the
πN elastic scattering data, as illustrated in Fig. 3. In the
calculations of the elastic π�p cross sections, the Pomeron,
f2R, and ρR Reggeon exchanges were included. The so-
called stretched exponential parametrization fðti; sijÞ coin-
cides at low jtj with the simple exponential form, while at
larger jtj a harder tail appears. This function is close to a
parametrization ∼ expð−bptÞ suggested by Orear [45] for
elastic pp scattering at large jtj. The πp data show a
diffractive dip at −t ∼ 4 GeV2.
The extra form factors FπðtÞ and FπðuÞ in Eq. (2.6)

“correct” for the off-shellness of the intermediate pions.
The form of the form factors is unknown, particularly at
higher values of t or u, and the form factors are para-
metrized here in two ways:

FπðtÞ ¼ exp
�
t −m2

π

Λ2
off;E

�
; ð2:12Þ

FπðtÞ ¼
Λ2
off;M −m2

π

Λ2
off;M − t

; ð2:13Þ

and for FπðuÞwe have to replace t⟷u. These form factors
are normalized to unity on the pion-mass shell Fπðm2

πÞ ¼ 1.
In general, the parameter Λoff is not known precisely but, in
principle, could be fitted to the normalized experimental
data. How to extract the off-shell parameters will be
discussed in the results section.

4In general, ηP and ηf2R depend on ti. At present, we use the
simplified version of the πN interaction. This version was used to
fit elastic πN scattering experimental data (see Fig. 3).

5Description of the elastic pp and pp̄ scattering data is rather
difficult. In Ref. [39] the authors presented a model including
Pþ PPþ ggg terms and the linear Pomeron trajectory. Alter-
native approaches [40,41] combine the soft and hard Pomeron
exchanges or the odderon exchange in addition [42]. In the latter
case, the authors also considered various forms of the nonlinear
Pomeron trajectory. In [43] the role of the eikonalization of the
pp amplitude in both one- and two-channel eikonal models were
discussed.
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In our calculations, for simplicity, we have used the
normal pion propagator [see Eq. (2.6)] without the
Reggeization of the intermediate off-shell pions in the t
channel. In general, other meson exchanges should be
included in the model, e.g., a P-a2-P exchange, as was
discussed in [46]. The details of how to include the
Reggeization of the (virtual) meson exchanges are given
in, e.g., [46]. There is also other element which can be
potentially added to the model: the possibility of producing
additional particles in the double Pomeron/Reggeon into
the πþπ− subprocesses. To account for the fact that only
two pions (without any additional secondaries) are pro-
duced in the central double Pomeron/Reggeon fusion,
we have introduced in our calculations, following [19],

an extra suppression factor in the exponential form:
fðMππÞ ¼ expð−c lnðMππ=M0ÞÞ, M0 ¼ 0.8 GeV2. The
parameter c defines the strength of the suppression and
can, in principle, be extracted from experimental data. In
the present calculations, we take c ¼ 0.5. We wish to
emphasize that the suppression factor fðMππÞ is included
only in separate curves that demonstrated its role and not
included in other cases.

III. ABSORPTION CORRECTIONS

The absorption amplitude including the πN interactions
can be written in a similar way as that in the case of pp
(pp̄) interaction, i.e., in the eikonal form

Mπp-rescattering
pp→ppπþπ− ≈

i
16π2s14

Z
d2ktMBorn

pp→ppπþπ−ðs; ~t1; t2; ~taÞMP-exchange
π−p→π−p ðs14; k2t Þ

þ i
16π2s13

Z
d2ktMBorn

pp→ppπþπ−ðs; ~t1; t2; ~uaÞMP-exchange
πþp→πþp ðs13; k2t Þ

þ i
16π2s23

Z
d2ktMBorn

pp→ppπþπ−ðs; t1; ~t2; ~tbÞMP-exchange
πþp→πþp ðs23; k2t Þ

þ i
16π2s24

Z
d2ktMBorn

pp→ppπþπ−ðs; t1; ~t2; ~ubÞMP-exchange
π−p→π−p ðs24; k2t Þ: ð3:1Þ
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FIG. 3. Differential distributions dσ=dt for πþp (left panel) and π−p (right panel) elastic scattering at incident beam momenta
Plab ¼ 50 GeV (

ffiffiffi
s

p ≃ 9.7 GeV) [34–36] and Plab ¼ 200 GeV (
ffiffiffi
s

p ≃ 19.4 GeV) [34,37,38]. The dashed lines show results obtained
with formula (2.10), while the solid lines are obtained via the replacement (2.11), where B0 ¼ 6.5 GeV−2 and μ2 ¼ 0.6 GeV2.
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In formula (3.1) we have indicated explicitly only crucial
variables, mostly those arguments ofMpp→ppπþπ− which get
modified in comparison to the Born amplitude (2.6). For
example, the four-momenta squared of the Regge exchange
in the first stage of the interaction (see Fig. 2) get modified as

~t1 ¼ ð ~p1 − paÞ2; ~t2 ¼ ð ~p2 − pbÞ2; ð3:2Þ
where the four-momenta of the intermediate nucleons are
~p1 ¼ p1 − kt and ~p2 ¼ p2 − kt. Here, we have introduced

the auxiliary four-vector kt ¼ ð0; ~kt; 0Þ to write formulas
in a compact way. Similarly, the modified four-momenta
of pions being propagated in the middle of the four-body
pp → ppπþπ− subprocess can be calculated as

~ta ¼ ð ~q1 − p3Þ2; ~ua ¼ ð ~q1 − p4Þ2;
~tb ¼ ð ~q2 − p4Þ2; ~ub ¼ ð ~q2 − p3Þ2; ð3:3Þ

where ~q1 ¼ pa − ~p1 and ~q2 ¼ pb − ~p2 are the four-
momenta of the (incoming) Regge exchanges. We leave

all other not explicitly indicated variables which appear in
the Born amplitude(s) unchanged. This is an approximation,
but it is sufficient for the purpose of the present first
exploratory analysis.
The full amplitude includes all rescattering corrections,

Mpp→ppπþπ− ¼ MBorn
pp→ppπþπ− þ cppM

pp-rescattering
pp→ppπþπ−

þ cπpM
πp-rescattering
pp→ppπþπ− : ð3:4Þ

In principle, the contributions due to the intermediate
proton(s) diffractive excitation(s) (p → N�) could be effec-
tively included by increasing the prefactors. In the present
paper we shall take, however, cpp ¼ cπp ¼ 1.6
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FIG. 4 (color online). Two-pion invariant mass distribution at ISR energies with the ISR kinematical cuts indicated in the legend. The
ISR data [28,30] are shown for comparison. The blue dashed lines represent the results obtained for the monopole form factors [(2.13),
Λoff;M ¼ 1.2 and 1.6 GeV], while the black solid lines are for the exponential form [(2.12), Λoff;E ¼ 1.6 GeV]. The bottom panels
represent the jtj distributions without (dotted lines) and with (dashed lines) the pp absorption corrections, and with all (pp and πN)
absorption corrections included (solid lines). Results for the exponential (left panel) and for the stretched exponential (right panel)
parametrizations of the πp subsystem are shown in addition.

6How the extra multiplication of the absorption amplitude
Mpp-rescattering

pp→ppπþπ− by a factor cpp ¼ 1.2 modifies the features of
differential distributions was shown in [27]; see, e.g., Figs. 2.48,
2.49, and 2.50, and Table 2.5.

REVISED MODEL OF ABSORPTION CORRECTIONS FOR … PHYSICAL REVIEW D 92, 054001 (2015)

054001-5



In the next section we shall show the effect of inclusion
of the extra absorption terms on the total cross section, as
well as on differential distributions. They lead to a further
decrease of the cross section for the pp → ppπþπ− or
pp̄ → pp̄πþπ− reactions. We expect that the effects may be
very important when comparing results of our calculation
with the recent STAR and CDF experimental data, as well
as with the forthcoming data of the ALICE, CMS, and
ATLAS collaborations.

IV. PREDICTIONS FOR DIFFERENT
EXPERIMENTS

In this section we shall present some selected results for
the discussed exclusive processes calculated for kinematic
domains relevant for the STAR, CDF, ALICE, CMS, and
ATLAS experiments. In particular, we wish to concentrate
on the effect of the new absorption corrections due to the
pion–(anti-)proton interaction.
Before we go to the higher energies, let us first discuss

old ISR data [28,30]. In Fig. 4 (the top panels), we show
results for two-pion invariant mass distributions. The
theoretical calculations including absorption corrections
have been compared with the ISR data. In the calcula-
tions, two forms of the form factor for the off-shell pions
were fixed as specified in the figure captions. The choice
of form factor leads to different behavior at higher Mππ.
We also show (in the bottom panels) the result for the
exponential and “stretched exponential” t dependences
without and with absorption corrections. The shape of
the t distributions is strongly modified by the absorption
corrections and is similar to that obtained in the ISR
experiment.

A. STAR experiment

In Fig. 5 we present the invariant mass distributions
of the pion pair produced in the pp → ppπþπ− reaction
for the STAR kinematics (

ffiffiffi
s

p ¼ 200 GeV, jηπj < 1
and pt;π > 0.15 GeV for both pions, the pseudorapidity
of the central πþπ− system jηππj < 2, and in the four-
momentum transfer range 0.005<−t1;−t2<0.03GeV2).
In the left panel, we show result obtained in the Born
approximation (the dotted line), the result when includ-
ing proton-proton interactions (the long-dashed line),
and when including extra pion-nucleon interactions (the
solid line) discussed in the present paper. We observe a
significant damping of the cross section as well as a
small shift of the maximum towards smaller invariant
masses. In the right panel, we show results for different
parameters of the off-shell form factors, together with
the STAR preliminary data. One can observe that
our predictions are quite sensitive to the form of the
off-shell pion form factor (2.12) or (2.13) and depend
on the value of the cutoff parameters Λoff . If we
describe the maximum of the cross section around
Mππ ∼ 0.6–0.7 GeV, we overestimate the cross section
in the interval 1 < Mππ < 2 GeV—essentially for both
choices of the form factor form. A part of the effect may
be related to an enhancement of the cross section due to
ππ low-energy final state interaction.7 This goes beyond
the scope of the present paper, which concentrates on the
new absorption effects.
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FIG. 5 (color online). Two-pion invariant mass distribution at
ffiffiffi
s

p ¼ 200 GeV with the STAR kinematical cuts specified in the legend.
The dotted line in the left panel corresponds to the Born calculation, the long-dashed and solid lines to calculations with the absorption
effects due to the pp and the πp rescattering, respectively. In the right panel, the blue dashed lines represent the results with all
absorption effects and obtained for the monopole form factors (2.13) for different choices of the cutoff parameter Λoff;M ¼
0.8; 1.2; 1.6 GeV (from bottom to top). The red dotted line represents result for Λoff;M ¼ 1.2 GeV multiplied by the extra suppression
factor fðMππÞ, as explained in the text. The black solid lines are for the exponential form (2.12), and Λoff;E ¼ 1.0 and 1.6 GeV. The
STAR preliminary data [5] are shown for comparison.

7The low-energy ππ final state interaction was discussed in,
e.g., [23,25,47].
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In Fig. 6 (the left panel), we show the differential
cross section for the exclusive production of the πþπ−
system as a function of its pseudorapidity. We conclude
that in the range 0.5 < Mππ < 1 GeV, both forms of the
off-shell pion form factor [(2.12) and (2.13)] describe
the data well for Λoff ¼ 1.4–1.6 GeV. However, the
agreement seems a bit misleading in light of the
disagreement in the invariant mass distribution discussed
above. As will be discussed in this paper, the absorption
effects usually strongly modify the distribution in the
relative azimuthal angle between the outgoing protons
ϕpp and leave the shape of the ϕππ distribution almost
unchanged. For the STAR experiment (phase I), where
there is a visible kinematical range—that is, at very
small four-momentum transfers jtj—one can observe
only a damping of the cross section (the right bottom
panel). The decrease of dσ=dϕpp and dσ=dϕππ at ϕ ∼ π
is due to the STAR condition jηππj < 2. We have checked
numerically that when jηππj is large, then ϕ ∼ π. Cutting

off large values of jηππj, therefore, as for the STAR
experiment, damps the region of ϕ ∼ π, as observed in
the lower panels of Fig. 6.

B. CDF experiment

Wewish to emphasize that in this experiment, in contrast
to the STAR experiment, the final state nucleons were not
detected and only the rapidity gap conditions (Δη > 4.6 on
each side of the πþπ−) were imposed experimentally. In
Fig. 7 (the left panel), we show the two-pion invariant mass
distribution at

ffiffiffi
s

p ¼ 1.96 TeV for the pp̄ → pp̄πþπ−
reaction and with the following CDF cuts on kinematical
variables: pt;π > 0.4 GeV, jηπj < 1.3 for both mesons,
and jyππj < 1. The rapidity of the central πþπ− system
is expressed by the formula

yππ ¼
1

2
ln
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FIG. 6 (color online). The distributions in the pseudorapidity of the produced πþπ− system (ηππ) and in the azimuthal
angle between the outgoing pions (ϕππ) and between the outgoing protons (ϕpp) at

ffiffiffi
s

p ¼ 200 GeV in the range of
0.5 < Mππ < 1 GeV. In the right bottom panel, we show the results without the absorption effects (the dotted line), with
the pp rescattering (the long-dashed line), and with the additional πp rescattering (the solid line). The STAR preliminary data
[5] are shown for comparison.
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with the four-momenta p3 (πþ meson) and p4 (π− meson).
The kinematical cuts pt;π > 0.4 GeV on both pions
strongly distort the region of low Mππ < 1 GeV. At
Mππ ≃ 1 GeV, the data show a minimum due to interfer-
ence of the f0ð980Þ resonance contribution with the
nonresonant background contribution. At higher Mππ, in
the region of 1.2–1.7 GeV, some structures could be
attributed to the f2ð1270Þ, f0ð1370Þ, f0ð1500Þ, and
f0ð1710Þ resonant states. The f0ð1500Þ and f0ð1710Þ
mesons are considered to be scalar glueball candidates
[13], but mixing with quarkonium states complicates
the issue.
We roughly describe the differential cross section in

the left panel when using the form factors (2.13) with
Λoff;M ≃ 0.8 GeV. The data at

ffiffiffi
s

p ¼ 0.9 TeV look similar
(see Fig. 1 of [7]). In the right panel of Fig. 7, we show
results with an extra lower cut on the πþπ− transverse

momentum. The results for the form factors that give a
reasonable description in the left panel (without the cut)
badly fail to describe the data in the right panel, under-
estimating the CDF data by a factor of about 5. In this
case our model results are much below the experimental
data, which could be due to a contamination of non-
exclusive processes8 and/or the perturbative mechanism
discussed in [19,48]. Both the interference of the resonant
state with the πþπ− continuum and the diffractive
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FIG. 7 (color online). Two-pion invariant mass distribution at
ffiffiffi
s

p ¼ 1.96 TeV, with the CDF kinematical cuts specified in the legend.
The meaning of the lines in the left panel is the same as in Fig. 5 (the right panel). In the right panel we show the results with an
additional cut on transverse momentum of the pion pair pt;ππ > 1 GeV and for two different t dependences of the πp-subsystem
amplitudes. The thick upper lines represent results for the replacement (2.11), while the thin lower lines show the results with
formula (2.10). The CDF data [6,7] are shown with only statistical errors; systematic uncertainties are approximately 10% at all masses.
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FIG. 8 (color online). Mean value of pt;π (left panel) and pt;ππ (right panel) as a function of two-pion invariant mass at
ffiffiffi
s

p ¼ 1.96 TeV
calculated with the CDF kinematical cuts specified in the legend.

8The experimental data at both energies may include, to some
extent, diffractive dissociation of proton and antiproton (all of the
produced unobserved hadrons have jηj > 5.9 [7]). In particular,
they may contain processes leading to excitations of low
diffractive masses of the baryonic systems, especially atffiffiffi
s

p ¼ 1.96 TeV, where the experimental coverage of the phase
space is lower. The experimental rapidity gap condition covers
only a part of the available phase space.
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dissociation effects require a more subtle theoretical
approach. This will be addressed elsewhere. Thus, our
nonresonant model should not be expected to fit the data
precisely.
Now let us briefly discuss quantities or observables

that are sensitive to the pion off-shell form factors. The
dependence of hpt;πi and hpt;ππi as a function of the
two-pion invariant mass is presented in Fig. 8. Our
calculation shows a rise of the average pion transverse
momentum with the dipion invariant mass. A dependence
on the form of the form factor is clearly seen. On the
contrary, the average transverse momentum of the dipion
pair is almost independent of the form of the form factor

and is a parameter of the form factor. This can be under-
stood from the momentum conservation. The transverse
momentum of the dipion system must be balanced by the
transverse momenta of protons. The latter distributions
(shapes) are obviously independent of the pion off-shell
form factors.
Another observable which can be very sensitive to the

choice of off-shell pion form factors are the Legendre
polynomial hPLeven

ðcos θr:f:πþ ÞiðMππÞ distributions, where
cos θr:f:πþ is the angle of the πþ meson with respect to the
beam axis, in the πþπ− rest frame. In Fig. 9 we present the
average PL, calculated as
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FIG. 9 (color online). Mean value of the first even Legendre polynomials PLðcos θr:f:πþ Þ as a function of the two-pion invariant mass,
with the CDF kinematical cuts specified in the legend. The results correspond to two types of off-shell pion form factors: the exponential
one (2.12) and the monopole one (2.13) without (thin lines) and with (thick lines) absorption effects. The red dotted line represents the
result for the monopole type of form factor and with an extra suppression factor fðMππÞ. The CDF preliminary data [6] are shown for
comparison.
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FIG. 10 (color online). Two-pion invariant mass distribution at
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hPLðcosθr:f:πþ ÞiðMππÞ¼
R
dPSPLðcosθr:f:πþ Þdσ=dPSðMππÞR

dPSdσ=dPSðMππÞ
;

ð4:2Þ

where the integral is done over the experimental phase
space. We have found, similar to the authors of [32], that

the hPLðcos θr:f:ÞiðMππÞ distributions are almost unaf-
fected by the absorption effects; the thin and thick lines
represent calculations without and with the absorption
corrections. The difference between the results for form
factors (2.12) and (2.13) is huge at higher invariant
masses, and thus such observables may prove very useful
in distinguishing between these choices. Preliminary
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FIG. 11 (color online). Differential cross sections dσ=dpt;π , dσ=dpt;ππ , and dσ=dϕππ at
ffiffiffi
s

p ¼ 7 TeV with the ALICE kinematical cuts
specified in the legend. In the calculations we have used different values of the cutoff parameter Λoff.
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experimental results of the hPLðcos θr:f:πþ ÞiðMππÞ distribu-
tions for

ffiffiffi
s

p ¼ 1.96 TeV are presented in Fig. 23 of [6]
and strongly support our predictions calculated with the
monopole form factors (2.13), particularly at higher two-
pion invariant masses Mππ > 1.5 GeV; see also the
discussion in Sec. 2.6.2 (Tevatron) of [27]. One can
observe in Fig. 2.42 of [27] that the contribution of L ¼ 4
is small at low Mππ when the cuts are neglected (the left
panels) and is significant already at Mππ ≈ 1 GeV when
the cuts are applied (the right panels). This suggests that
the CDF kinematic cuts may distort the partial wave
content. This makes conclusions more difficult.

C. ALICE experiment

Now, we shall present our predictions for experiments at
the LHC. We shall start a review of our results for the case
of the ALICE experiment at

ffiffiffi
s

p ¼ 7 TeV. We impose the
corresponding cuts on both pions’ transverse momenta
pt;π > 0.1 GeV and pseudorapidities jηπj < 0.9. In Fig. 10
we show two-pion invariant mass distribution. As for the

case of the STAR experiment in the left panel, we show
the Born result (the dotted line), the result with pp
absorption only (the dashed line), as well as the results
when including the extra πp absorption (the solid line).
There is a similar tendency as in the STAR case. The extra
absorption lowers the cross section without modifying the
shape of the invariant mass distribution. In the right panel
we show our result for two different forms of the off-shell
form factor and different values of the cutoff parameters.
As for the STAR case, the shape strongly depends on the
form factor form as well as on values of the cutoff
parameters.
Now we pass to distributions in transverse momenta of

single pion and of the pion pair; see Fig. 11 (the top panels).
The absorption effects due to πp interaction change the
shape of the pt;ππ distribution. Such a distribution can be
easily measured by the ALICE Collaboration. The ALICE
experiment cannot, however, register forward/backward
protons. Therefore, only azimuthal correlations between
pions can be measured. Our corresponding distribution is
shown in Fig. 11 (the bottom panel). The ϕππ distribution

 (GeV)ππM

0.5 1 1.5 2

 >
 (

G
eV

)
π

T
,

<
 p

0

0.5

1

 = 7 TeVs-π+π pp →pp
 > 0.1 GeV

πT,
| < 0.9,  pπη|

 = 1.6 GeVoff, EΛ

 (GeV)ππM

0.5 1 1.5 2

 >
 (

G
eV

)
π

π
T

,
<

 p

0.2

0.4

0.6

0.8

 = 7 TeVs-π+π pp →pp

 > 0.1 GeV
πT,

| < 0.9,  pπη|

 = 1.6 GeVoff, EΛ

FIG. 12. Mean value of the pt;π (left panel) and pt;ππ (right panel) as a function of two-pion invariant mass at
ffiffiffi
s

p ¼ 7 TeV, with the
ALICE kinematical cuts specified in the legend. In the calculation we have used the cutoff parameter Λoff;E ¼ 1.6 GeV.

 (GeV)ππM
1 2 3 4

b/
G

eV
)

μ
 ( ππ

/d
M

σd

-210

-110

1

10

210 -π+π pp →pp
 = 8 TeVs
| < 2.0

π
η|

 > 0.1 GeV
πT,

p

 = 1.6 GeVoff, EΛ

Born
pp absorption

p absorptionπpp and 

 (GeV)ππM
1 2 3 4

b/
G

eV
)

μ
 ( ππ

/d
M

σ d

-210

-110

1

10

210 -π+π pp →pp
 = 8 TeVs
| < 2.0

π
η|

 > 0.1 GeV
πT,

p

 = 1.0, 1.6 GeVoff, EΛ
 = 0.8, 1.2 GeVoff, MΛ
 = 1.2 GeV (suppressed)off, MΛ

FIG. 13 (color online). Two-pion invariant mass distribution at
ffiffiffi
s

p ¼ 8 TeV with the CMS kinematical cuts specified in the legend.

REVISED MODEL OF ABSORPTION CORRECTIONS FOR … PHYSICAL REVIEW D 92, 054001 (2015)

054001-11



peaks in the back-to-back configuration, i.e., when
ϕππ ¼ π. The absorption effects practically do not change
the shape of the distributions.
The average values of transverse momenta of single pion

hpt;πiðMππÞ and of the pion pair hpt;ππiðMππÞ are shown in
Fig. 12. The results have been obtained assuming that
pt;π > 0.1 GeV without the absorption effects (the dotted

line), with the pp rescattering (the long-dashed line), and
with the additional πp rescattering (the solid line).

D. CMS and ATLAS experiments

The ATLAS tracking detector provides a measurement
of charged particle momenta in the jηj < 2.5 region. Since
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FIG. 14 (color online). The distributions in proton transverse momentum (top panels), in azimuthal angle between the outgoing
protons (middle panels), and in proton four-momentum transfer t1 (bottom panels) at

ffiffiffi
s

p ¼ 8 TeV with the CMS kinematical cuts
specified in the legend. In the left panels we show the distributions without and with the absorption corrections. In the calculation, results
of which are shown on the right panels, we have used two forms for the off-shell pion form factors and different cutoff parameters Λoff .
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the correlation between the pseudorapidities of both pions
is very large, the measurement can be performed inde-
pendently using the tracking detector (jηj < 2.5) and the
forward calorimeters (2.5 < jηj < 4.9); see Fig. 4 of [10].
We wish to note that the analysis in [10] was performed for
Λ2
off;E ¼ 2 GeV2 neglecting effect of the πN rescattering.

Below, we shall show results of nonresonant model
(including all rescattering corrections) for the CMS experi-
ment and the corresponding kinematics cuts on both pions:
pt;π > 0.1 GeV and jηπj < 2.0. The general features of the
differential distributions for the ATLAS experiment are,
however, similar.
In Fig. 13 we show two-pion invariant mass distribution.

In the left panel we show again results for three cases: Born
(the dashed line), absorption due to pp interaction (the
long-dashed line), and the case with extra πp interaction
(the solid line). In the right panel we show the dependence

of the cross section on the choice of the pion off-shell form
factor.
Both the CMS (when combined with TOTEM) and

ATLAS (when combined with ALFA) collaborations can
measure outgoing protons. What additional information
can be provided by measuring the momenta of the
outgoing protons? In Figs. 14 and 15 we show the
influence of the absorption effects on the pt;p, ϕpp,
and t distributions. The distribution in proton transverse
momenta are particularly interesting. The extra absorp-
tion effects due to πp interactions make the distributions
much broader than in the case of the Born approximation,
and even broader than in the case when only pp
absorption effects are included. The effect depends on
the value of cutoff parameter Λoff. Therefore, we expect
that the CMS and ATLAS experimental groups could
verify our predictions. The extra absorption effects lead to

TABLE I. The integrated cross sections in μb for the central exclusive πþπ− production via the double Pomeron=f2R exchange
mechanism including the NN and πN absorption effects. The results for different experiments with cuts specified in Sec. IVand for the
different values of the off-shell pion form factor parameters in Eqs. (2.12) and (2.13) are given.
ffiffiffi
s

p
(TeV): 0.2 1.96 7 8 13

Cuts: STAR (IVA) CDF (IV B) ALICE (IV C) CMS (IV D) CMS (IV D)

Λoff;E ¼ 1.6 GeV 0.23 3.69 6.57 23.92 28.64
Λoff;E ¼ 1.0 GeV 0.09 0.63 2.16 7.88 8.98
Λoff;M ¼ 1.6 GeV 0.26 6.45 9.12 33.60 40.92
Λoff;M ¼ 1.2 GeV 0.17 (0.13)a 2.48 (0.90) 4.65 (3.00) 17.14 (10.83) 20.65 (12.71)
Λoff;M ¼ 0.8 GeV 0.07 0.58 1.74 6.48 7.45

aThe numbers in the parentheses show the resulting cross sections when multiplying by the suppression factor fðMππÞ given in
section II.
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FIG. 15 (color online). Two-dimensional distributions in pt;p and ϕpp at
ffiffiffi
s

p ¼ 8 TeV with the CMS kinematical cuts specified in
the legend. We show the distributions without and with the absorption corrections. In this calculation we have used the cutoff
parameter Λoff;E ¼ 1.6 GeV.
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a significant modification of the shape of proton-proton
relative azimuthal angle distribution which also could be
tested by the two experiments.9 The distributions in
proton four-momentum transfer t ¼ t1 ¼ t2 are presented
in Fig. 14 (the bottom panels). The extra pion-proton
interaction increases the distribution at large jtj.
The effect of absorption can be even better seen

in two-dimensional distributions in proton-proton relative
azimuthal angle and transverse momentum of one of the
protons; see Fig. 15. Quite a different pattern can be seen
for the Born case and for the case with full absorption. It is
not clear to us whether such a two-dimensional distribution
can be obtained in practice.
In Table I we have collected cross sections in μb for the

exclusive πþπ− production with absorption effects dis-
cussed in Sec. III, and for some kinematical cuts specified
in Sec. IV. The Born cross sections for

ffiffiffi
s

p ¼ 0.2, 1.96, 7,
and 8 TeV and Λoff;E ¼ 1.6 GeV are 1.13, 39.60, 54.71,
and 192.49 μb, respectively. Thus, the ratio of full and
Born cross sections hS2i (the gap survival factor) is
approximately 0.20 (STAR), 0.09 (CDF), or 0.12
(LHC). The large difference between

ffiffiffi
s

p ¼ 7 TeV andffiffiffi
s

p ¼ 8 TeV is first of all due to different cuts in different
experiments (ALICE vs CMS). The results at

ffiffiffi
s

p ¼
13 TeV were obtained also with the CMS kinemati-
cal cuts.

V. CONCLUSIONS

In the present paper we have taken into account
absorption corrections due to pion-nucleon final state
interaction in addition to those due to proton-proton
interactions. To make realistic predictions of the cross
sections the parameter responsible for off-shellness of
intermediate pions in the Lebiedowicz-Szczurek model
has been adjusted to experimental data. We have considered
two different scenarios:
(1) The parameters have been adjusted to the STAR

preliminary data [5], where protons have been
registered, which guarantees exclusivity of the
process. However, the statistics there was rather
low and only low dipion invariant masses
(Mππ < 1.5 GeV) could be observed.

(2) The parameters have been adjusted to the CDF data
[7] (see also [6]), where only some rapidity gaps
outside of the main detector were imposed in the
experiment.

The cross section for the invariant massesMππ < 1 GeV is
subjected to low-energy pion-pion final state interaction
(ππ FSI) effects which are not included in the present
analysis. Thus, in the first scenario, one finds rather large

Λoff ≈ 1.6 GeV in the region of Mππ < 1 GeV. In the
second scenario, when the CDF data are fitted in the broad
range of Mππ , one obtains Λoff ≈ 0.8 GeV. Then, as a
consequence one underestimates the RHIC data at
Mππ ∼ 0.5–1.0 GeV. But this missing strength at low
Mππ is probably due to the low-energy ππ FSI enhancement
in the σ meson region, see [25,47]. Therefore, we might
expect that at higher masses the nonresonant model
(with no Reggeization of intermediate pion) gives realistic
predictions with the off-shell pion parameter Λoff≈
1.0 GeV. The choice of monopole form for the pion off-
shell form factors at large values ofMππ is supported by the
preliminary CDF results on the mean value of first even
Legendre polynomials; see Fig. 9.
In our summary we wish to emphasize that it is probably

impossible to describe within the present model (with the
same parameters of the off-shell pion form factor) the CDF
and STAR data. The reason is not completely clear at
present. We do not feel competent to question the data.
Instead, we wish to note that the kinematical range of both
experiments is quite different. We expect that a possible
explanation for the clear inconsistency is due to low-energy
ππ final state interaction (enhancement of low Mππ region,
relevant for STAR and not so active for CDF) and
interference of resonances and continuum (may depend
on t1 and t2 that are very different for both experiments).
These aspects should be addressed in the future.
We have proposed using a stretched exponential para-

metrization of πN amplitudes which better describes the
large-t region and coincides with the exponential para-
metrization in small-t region. Such a parametrization is
more adequate when focusing on larger transverse
momenta. However, we have failed to describe the CDF
data with pt;ππ > 1 GeV. Clearly, final tuning of the model
requires to take into account both ππ FSI effects and
explicit resonances such as the tensor f2ð1270Þ meson.
This goes beyond the scope of the present paper, where we
have concentrated on the new absorption effects. This will
be a subject of our future studies.
However, even the present, rather simplified treatment

of the reaction mechanism allows us to draw interesting
conclusions as far as the absorption effects are consid-
ered. The inclusion of the pion-nucleon interactions leads
to additional damping of the cross section by a factor of
about 2, almost independent of center-of-mass energy at
least in the kinematic range considered in the present
paper. The additional interaction changes the shape of
some distributions (dσ=dt1=2, dσ=dpt;p, dσ=dϕpp), but
leaves almost unchanged the shape of other distributions
(dσ=dMππ, dσ=dyπ , dσ=dpt;π , dσ=dϕππ). Particularly
spectacular modifications are obtained for jtj and pt;p

distributions. In particular, a measurement of the distri-
bution in the relative azimuthal angle between the pt;1 and
pt;2 vectors of the outgoing protons can provide a fully
differential test of the soft survival factors. This could be

9Note that, in the case of the ATLAS experiment, the require-
ment of both protons being tagged in the ALFA detectors
influences the shapes of the distributions only very little, but it
reduces the cross section by a factor close to 3 [10].
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verified in the future in experiments when both protons
are measured, such as ATLAS/ALFA [10] or CMS/
TOTEM [11]. In summary, the additional absorption
effect discussed here seems crucial for a detailed under-
standing of the results of ongoing and planned exper-
imental investigations.
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