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We consider the pp → ppρ0π0 and pp → pnρ0πþ processes at LHC energies. Our description is based
on the nonperturbative framework of tensor pomeron and tensor reggeon exchanges. We discuss the Drell-
Hiida-Deck type mechanism with centrally produced ρ0 meson associated with a very forward/backward
πN system. The considered processes constitute an inelastic (nonexclusive) background to the pp → ppρ0

reaction in the case when only the centrally produced ρ0 meson decaying into πþπ− is measured, the final
state protons are not observed, and only rapidity-gap conditions are checked experimentally. We compare
our results for the γπþ → ρ0πþ reaction with the experimental data obtained by the H1 collaboration at
HERA. We present several differential distributions for the pp → pnρ0πþ reaction and estimate the size of
the proton dissociative background to the exclusive pp → ppρ0 process. The ratio of integrated cross
sections for the inelastic pp → pNρ0π processes, where pNρ0π stands for pnρ0πþ plus ppρ0π0, to the
reference reaction pp → ppρ0 is of order of (7–10)%. We present also the ratios of the ρ0 rapidity and
transverse momentum distributions for the inelastic pp → pNρ0π versus the elastic pp → ppρ0 reaction.
Our results may be used to investigate the γπ → ρ0π process at LHC energies.
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I. INTRODUCTION

The study of vector meson production in the exclusive
pp → ppV reaction is one of the important programs for
the LHC. So far the CDF collaboration at Tevatron [1] and
the LHCb collaboration at the LHC [2–5] presented their
results for “exclusive” production of the J=ψ and ψ 0
mesons. These vector mesons were observed through their
decay into the μþμ− final state. Also the cross sections for
production ofϒ states were measured; see [6]. However, so
far forward going protons were not measured at the LHC.
Instead, the LHCb collaboration checks only the rapidity
gaps around the measured vector meson. Therefore, one is
not sure whether the reaction is fully exclusive or whether
there are contributions from dissociation of one or both
protons in the final state. In the following we shall consider
as reference reaction exclusive central ρ0 production in pp
collisions (see Fig. 1)

pþ p → pþ ρ0 þ p: ð1:1Þ

Here the ρ0 is produced by the fusion of a virtual photon
emitted from one proton and a pomeron plus f2IR reggeon
from the other proton. In the inelastic case the proton

emitting the photon, or the one emitting IP, f2IR, or both
protons may dissociate. If these remnants from the dis-
sociated protons have low invariant mass they constitute a
background to the reaction (1.1). Experimentally this
background is notoriously difficult to handle. Also from
the theory point of view these breakup reactions have rarely
been studied. In [7,8] the electromagnetic dissociation was
estimated to be of the order of 10% (for excited states
MX < 2 GeV) of the exclusive cross section for J=ψ
production. Here we wish to make first estimates in the
case of diffractive proton excitation for ρ0 production. That
is, we shall study the case where the proton at the IP, f2IR
side of Fig. 1 breaks up into a πþn continuum state

pþ p → pþ ρ0 þ nþ πþ: ð1:2Þ

FIG. 1. Exclusive central production of ρ0 in pp collisions by
fusion of γ and IP, f2IR. There is also a diagram with the role of
the initial protons interchanged.
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The corresponding diagrams are shown in Fig. 2. This gives
then a leading neutron on one side of the collision. Such
leading neutrons can be rather easily detected with special
forward detectors [9,10]. The reaction (1.2) can be seen as a
Drell-Hiida-Deck mechanism [11,12] where a proton is
dissociating into the (n, πþ) system which scatters elasti-
cally on the ρ0 meson via the exchange of the pomeron and
f2IR reggeon. In addition to the pion exchange mechanism
[see corresponding diagram of Fig. 2(a)] two further
contributions [diagrams (b) and (c)] must be included.
The two diagrams (b) and (c) give contributions to the total
scattering amplitude with similar magnitude but opposite
sign; see e.g. [13–18]. Therefore, in most of the phase
space, in particular, at small momentum transfer squared at
the p → n vertex, the contributions of diagrams (b) and (c)
essentially cancel such that the contribution of diagram (a)
dominates the cross section. Here we shall concentrate on
the pion exchange mechanism; see Fig. 2(a). For a recent
consideration of the Drell-Hiida-Deck mechanism [11,12]
at LHC energies, see e.g. the discussion of the pp → ppπ0

reaction in [19].
The production of leading neutrons was studied in deep-

inelastic ep scattering (semi-inclusive eþ p → eþ nþ X
process) at HERA [20,21]. Very recently the first meas-
urement of exclusive photoproduction of ρ0 mesons asso-
ciated with leading neutrons (γp → ρ0nπþ) was presented
by the H1 collaboration [22]. The HERA experimental
results indicate that the production of neutrons carrying a
large fraction of the proton beam energy is indeed domi-
nated by the pion exchange process. The description of
these leading neutron processes still is a theoretical
challenge. Exclusive processes with a leading neutron in
ep collisions were discussed recently in the color dipole
approach [23] using the flux of virtual pions emitted by the
proton. For related work on the exclusive vector-meson
(ρ, ϕ and J=ψ) production associated with a leading
neutron see [24]. In the following we shall compare our
results for the pion exchange mechanism [see Fig. 2(a)]
with those obtained in [24].

In [25] we considered the reaction pp→ppðρ0→πþπ−Þ
within the tensor-pomeron approach formulated in [26].
In [27] three models for the soft pomeron, tensor, vector,
and scalar, were compared with the STAR experimental
data on polarized high-energy pp scattering [28]. Only the
tensor-pomeron model was found to be consistent with the
general rules of quantum field theory and the data from
[28]. Recently, both the ρ0-photoproduction and the purely
diffractive contributions have been discussed for the pp →
ppπþπ− reaction; see [29]. In the present paper we wish to
make first predictions for the process (1.2) within the same
framework.
Motivated by the study of two of us of diffractive π0-

strahlung production [19] we consider here only the
contributions related to a p → πþn transition which is
interesting by itself (the p → π0p transition can be done
analogously). A related hadronic bremsstrahlung mecha-
nism of diffractive production of ωN states has been
discussed in [30]. In general, there are also contributions
due to diffractive excitation of resonances, N� states, and
their subsequent decays into the πN channel. For an
analysis of proton diffractive dissociation to N� states
see [31,32].
Our paper is organized as follows. In Sec. II we present

the basic formulas for the γπþ → ρ0πþ reaction within the
tensor-pomeron approach and compare our results with the
H1 experimental data. In Sec. III we consider the pp →
pnρ0πþ process shown in Fig. 2(a). Section IV contains
numerical results for total and differential cross sections
calculated for the LHC energies. We present also the ratios
of the ρ0 rapidity and transverse momentum distributions
for the inelastic pp → pNρ0π processes, where pNρ0π
stands for pnρ0πþ plus ppρ0π0, versus the elastic reaction
pp → ppρ0. Section V presents our conclusions.

II. THE REACTION γπþ → ρ0πþ

As a first ingredient for our calculations we consider the
reaction (see Fig. 3)

(a) (b) (c)

FIG. 2. The Born diagrams for processes contributing to exclusive ρ0 meson photoproduction associated with a leading neutron in
proton-proton collisions. The diagrams correspond to the Drell-Hiida-Deck type mechanism [11,12] for the pion exchange (a), neutron
exchange (b), and direct production (c). In the following the incoming proton at the upper side of the diagrams will be the one with
momentum pa, at the lower side with momentum pb. There are also the corresponding diagrams with the role of the initial protons
interchanged.
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γðq; λγÞ þ πþðpbÞ → ρðpρ; λρÞ þ πþðp2Þ ð2:1Þ

for real photons. Here the four-momenta and the helicities,
λγ ¼ �1 and λρ ¼ �1; 0, are indicated in brackets. We use
standard kinematic variables

s ¼ W2
γπ ¼ ðpb þ qÞ2 ¼ ðp2 þ pρÞ2;

t ¼ ðp2 − pbÞ2 ¼ ðpρ − qÞ2: ð2:2Þ

The differential cross section for the reaction (2.1) for
unpolarized photons and no observation of the ρ0 polari-
zation is given by

dσ
dt

¼ 1

16πðs −m2
πÞ2

1

2

X

λγ ;λρ

jMλγπ
þ→λρπ

þj2: ð2:3Þ

The T -matrix element is

Mλγπ
þ→λρπ

þ ¼ hρ0ðpρ; λρÞ; πþðp2ÞjT jγðq; λγÞ; πþðpbÞi:
ð2:4Þ

The amplitude via the tensor-pomeron exchange is
written as

MðIPÞ
λγπ

þ→λρπ
þ ¼ ð−iÞðϵðρÞμðpρ; λρÞÞ�iΓðIPρρÞ

μναβ ðpρ; qÞ
× iΔðρÞνκðqÞiΓðγ→ρÞ

κσ ðqÞϵðγÞσðq; λγÞ
× iΔðIPÞαβ;δηðs; tÞiΓðIPππÞ

δη ðp2; pbÞ; ð2:5Þ

where ϵðγÞ and ϵðρÞ are the polarization vectors for photon
and ρ0 meson, respectively.
The IPρρ vertex is given in [26] by formula (3.47).
The effective propagator of the tensor-pomeron

exchange is written as (see (3.10) of [26]):

iΔðIPÞ
μν;κλðs; tÞ ¼

1

4s

�
gμκgνλ þ gμλgνκ −

1

2
gμνgκλ

�

× ð−isα0IPÞαIPðtÞ−1 ð2:6Þ

and fulfills the following relations

ΔðIPÞ
μν;κλðs; tÞ ¼ ΔðIPÞ

νμ;κλðs; tÞ ¼ ΔðIPÞ
μν;λκðs; tÞ ¼ ΔðIPÞ

κλ;μνðs; tÞ;
gμνΔðIPÞ

μν;κλðs; tÞ ¼ 0; gκλΔðIPÞ
μν;κλðs; tÞ ¼ 0: ð2:7Þ

Here the pomeron trajectory αIPðtÞ is assumed to be of
standard linear form with intercept slightly above 1:

αIPðtÞ ¼ αIPð0Þ þ α0IPt; αIPð0Þ ¼ 1.0808;

α0IP ¼ 0.25 GeV−2: ð2:8Þ

For the IPππ vertex we have (see Eq. (3.45) of [26] and
(B.69) of [33])

iΓðIPππÞ
μν ðk0; kÞ

¼ −i2βIPππ
�
ðk0 þ kÞμðk0 þ kÞν −

1

4
gμνðk0 þ kÞ2

�

× FMððk0 − kÞ2Þ: ð2:9Þ

Here βIPππ ¼ 1.76 GeV−1 and FMðtÞ is the pion electro-
magnetic form factor in a parametrization valid for t < 0,

FMðtÞ ¼
1

1 − t=Λ2
0

; ð2:10Þ

where Λ2
0 ¼ 0.5 GeV2; see e.g. (3.22) of [34] and (3.34)

of [26].
Including f2IR exchange we obtain for the amplitude

(2.4)

MðIPþf2IRÞ
λγπ

þ→λρπ
þðs; tÞ ¼ ie

m2
ρ

γρ
ΔðρÞ

T ð0ÞðϵðρÞμðpρ; λρÞÞ�

× ϵðγÞνðq; λγÞVμνκλðs; t; q; pρÞ
× 2ðp2 þ pbÞκðp2 þ pbÞλ½FMðtÞ�2:

ð2:11Þ

Here we use (3.2), (3.10), (3.12), (3.23), (3.45), (3.47),
(3.53), and (3.55) of [26], in particular, we have

M0 ≡ 1 GeV, 4π=γ2ρ ¼ 0.496, ðΔðρÞ
T ð0ÞÞ−1 ¼ −m2

ρ. The
function Vμνκλðs; t; q; pρÞ has the form

Vμνκλðs; t; q; pρÞ

¼ 1

4s
f2Γð0Þ

μνκλðpρ;−qÞ½2βIPππaIPρρð−isα0IPÞαIPðtÞ−1

þ ð2M0Þ−1gf2IRππaf2IRρρð−isα0IRþÞαIRþðtÞ−1�
− Γð2Þ

μνκλðpρ;−qÞ½2βIPππbIPρρð−isα0IPÞαIPðtÞ−1

þ ð2M0Þ−1gf2IRππbf2IRρρð−isα0IRþÞαIRþðtÞ−1�g: ð2:12Þ

The explicit tensorial functions ΓðiÞ
μνκλðpρ;−qÞ, i ¼ 0, 2, are

given in [26], formulas (3.18) and (3.19), respectively.

FIG. 3. Diagram for γπþ → ρ0πþ with pomeron and f2IR
reggeon exchange. We use the vector meson dominance model
and the corresponding relation for the γ − ρ0 coupling.
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We take the parameters occurring in (2.12) from [26] and
for the coupling constants a and b the set A given by (2.15)
of [25]. In this way we described the experimental data for
elastic photoproduction of ρ0 meson in the γp → ρ0p
reaction fairly well for energies Wγp ≳ 8 GeV; see
Fig. 4 (left panel) of [25].
Figure 4(a) shows the integrated cross section for the

γπþ → ρ0πþ reaction as a function of the center-of-mass
energy. Our result is compared with the H1 experimental
results [22] given in Table 9 of [22] in theWγπ region where
these data exist, see Fig. 4(b). The experimental photon-
pion cross sections were extracted from the exclusive ρ0

production associated with a leading neutron, γp → ρ0nπþ,
using the differential cross section dσγp=dxL and the pion
flux integrated over the range pt;n < 0.2 GeV; see [22]. We
see from Fig. 4(b) that the Wγπ shape of the data is rather
well represented by our results. Note that for this it is
important to have both contributions, pomeron and f2IR
reggeon exchange. But to obtain the normalization of the
data we have to multiply our results with a factor K ¼ 0.6.
The same message can be determined from Fig. 4(c) where
we show the ratio of cross sections for elastic ρ0 photo-
production on pions and protons. To calculate the cross
section for the γp → ρ0p process we use formula (2.1)

(a)

πγW
1 10 210 310

b)μ
+ π0 ρ

→
+ πγ

σ

0

2

4

6

8

10

total

IP

f

(b)

πγW
10 15 20 25 30 35 40

b)μ
+ π0 ρ

→
+ πγ

σ

0

1

2

3

4

5

6

±×

(c)

1 10 210 310

ra
tio

0.2

0.4

0.6

0.8

p)0ρ→γσ
)+π0ρ→+πγσ

×

FIG. 4. (a): Cross section of elastic ρ0 photoproduction on the pion as a function of the center-of-mass energy Wγπ. The solid line
corresponds to results with both the tensor pomeron and tensor f2IR exchanges. The individual pomeron and reggeon exchange
contributions denoted by the long-dashed and short-dashed lines, respectively, are presented. (b): Extended view of the Wγπ region
where data from [22] exist. We show the result from (2.11) and the result multiplied by the factor 0.6� 0.1. The experimental data are
from Table 9 of [22]. The inner error bars represent the total experimental uncertainty, the outer errors are experimental and model
uncertainties are added in quadrature. (c): The ratio of cross sections σðγπþ → ρ0πþÞ and σðγp → ρ0pÞ. The data point atW ¼ 24 GeV
is taken from [22].
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given in [25]. We can see that, according to our calculation,
the ratio σγπ=σγp is slightly above 0.4 for W > 20 GeV.
However, in [22] a significantly smaller value of the ratio,
0.25� 0.06 (at the corresponding HERA energy
hWi ¼ 24 GeV), has been obtained. This inconsistency
for the normalization [Fig. 4(b)] and for the ratio shown in
Fig. 4(c) may come from the influence of rescattering
(absorptive) corrections which may be essential for the
exclusive reaction γp → ρ0nπþ studied experimentally
[22]. The absorption factor estimated in [22] is Kabs ¼
0.44� 0.11 whereas we find here K ¼ 0.6� 0.1.

III. THE REACTION pp → pnρ0πþ

Here we discuss the exclusive production of ρ0 meson
associated with a forward πþn system in proton-proton
collisions,

pðpa; λaÞ þ pðpb; λbÞ → pðp1; λ1Þ þ ρðpρ; λρÞ
þ πþðpπÞ þ nðp2; λ2Þ: ð3:1Þ

The kinematic variables for (3.1) are

q1 ¼ pa − p1; q2 ¼ pb − p2;

t1 ¼ q21; t2 ¼ q22;

ŝ ¼ ðq1 þ q2Þ2 ¼ ðpρ þ pπÞ2;
t̂ ¼ ðq1 − pρÞ2 ¼ ðq2 − pπÞ2: ð3:2Þ

The “bare” amplitude (excluding rescattering effects) for
the γIP exchange, see diagram (a) in Fig. 2, can be written
as follows:

MðγIPÞ
λaλb→λ1λ2λρ

¼ ð−iÞūðp1; λ1ÞiΓðγppÞ
μ ðp1; paÞuðpa; λaÞ

× iΔðγÞμσðq1ÞiΓðγ→ρÞ
σν ðq1ÞiΔðρÞνρ1ðq1ÞðϵðρÞρ2ðpρ; λρÞÞ�

× iΓðIPρρÞ
ρ2ρ1αβ

ðpρ; q1ÞiΔðIPÞαβ;δηðŝ; t̂Þ
× iΓðIPππÞ

δη ðpπ; q2ÞiΔðπÞðt2Þūðp2; λ2Þ
× iΓðπpnÞðp2; pbÞuðpb; λbÞ: ð3:3Þ

The γpp vertex is given in [26] by formula (3.26). For the
pion-nucleon vertex we have

iΓðπppÞðp0; pÞ ¼ 1ffiffiffi
2

p iΓðπpnÞðp0; pÞ

¼ −γ5gπNNFπNNððp0 − pÞ2Þ: ð3:4Þ

The general expressions for the pion-nucleon coupling are
given in [35]. We have for the π0pp coupling constant
gπNN > 0 and g2πNN=ð4πÞ ¼ 14.4 as a typical value quoted
in the literature; see for instance [35,36]. The form factor

FπNNðtÞ is normalized to unity at the on-shell point
FπNNðm2

πÞ ¼ 1 and parametrized here as

FπNNðtÞ ¼ exp
�
t −m2

π

Λ2

�
; ð3:5Þ

where Λ could be adjusted to experimental data. We take
Λ ¼ 1 GeV and 1.2 GeV for comparison.
In the high-energy small-angle approximation we get,

including also γf2IR exchange,

MðγIPþγf2IRÞ
λaλb→λ1λ2λρ

≃ −e2
m2

ρ

γρ
ðp1 þ paÞρ1δλ1λaF1ðt1Þ

×
1

t1
ΔðρÞ

T ðt1ÞðϵðρÞρ2ðpρ; λρÞÞ�

× ~FðρÞðt1ÞVρ2ρ1αβðŝ; t̂; q1; pρÞ½FMðt̂Þ�2

× 2ðpπ þ q2Þαðpπ þ q2Þβ
FπNNðt2ÞF̂πðt2Þ

t2 −m2
π

×
ffiffiffi
2

p
gπNNūðp2; λ2Þγ5uðpb; λbÞ: ð3:6Þ

Here we take only the Dirac form factor of the proton
F1ðt1Þ; see (3.29) of [26]. We have also included form
factors ~FðρÞðt1Þ and F̂πðt2Þ taking into account that the ρ
created in the γ-ρ transition and the πþ emitted from the
proton pðpbÞ, respectively, are off shell. We assume in the
calculations presented in this paper that F̂πðtÞ ¼ FπNNðtÞ
which corresponds to the exponential form for F̂π; see
(3.17) of [29]. For ~FðρÞðtÞ we take a form as given in (B.85)
of [33] with Λρ ¼ 2 GeV and nρ ¼ 0.5; see also (3.9) and
the discussion of Fig. 8 in [25].

IV. FIRST RESULTS

Now we show numerical results for the reaction
pp → pnρ0πþ. Our preliminary studies here are done in
the Born approximation (neglecting absorptive correc-
tions). We get the total cross section from integrating over
the whole phases space: σ ¼ 387.2 (463.2) nb at

ffiffiffi
s

p ¼ 7
(13) TeV. These results are obtained for the diagram (a) of
Fig. 2 plus the one with the role of the initial protons
interchanged, with both IP and f2IR reggeon exchanges
and for Λ ¼ 1 GeV in (3.5).1 The realistic cross section can
be obtained by multiplying the Born cross section by the
corresponding gap survival factor hS2i. In exclusive reac-
tions, as the pp → ppπþπ− one for instance, the gap
survival factor hS2i is strongly dependent on the t1 and t2
variables, see e.g. [37]. A similar observation was made for
the pp → ppJ=ψ reaction [38]. In [25] we have shown that

1For comparison, for
ffiffiffi
s

p ¼ 13 TeV, we get the cross section
equal to 407.4 nb when only the IP exchange is taken into
account.
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the absorption effects due to pp-interaction lead to a huge
damping of the cross section for the purely diffractive
mechanism (hS2i≃ 0.2) and a relatively small reduction of
the cross section for the photoproduction mechanism
(hS2i≃ 0.9). It is not clear whether such a value
(hS2i≃ 0.9) is relevant for the case of interest (3.1). Our
Born-level cross section, calculated for

ffiffiffi
s

p ¼ 13 TeV,
should be compared with σ ¼ ð206.72–278.80Þ nb
obtained within the dipole saturation-inspired approach,
see Table 1 of [24]. Therefore, it seems reasonable to
assume that the magnitude of the absorptive corrections
should be rather larger of order of 50%, hS2i ¼ 0.5.
We should emphasize that the H1 experimental group
found a similar result for the γp → ρ0nπþ reaction [22].
From Fig. 4(c) we find a suppression factor hS2i ¼
K ≈ 0.6� 0.1. We leave a detailed analysis of absorption
effects for future studies.
In Fig. 5 we show several distributions for final

state particles (proton, neutron, ρ0 meson and pion) in

several kinematical variables: rapidity, pseudorapidity and
Feynman-x (xF ¼ 2pz=

ffiffiffi
s

p
). Here we consider only the

pion exchange mechanism and only one diagram where
the photon couples to the proton pðpa; λaÞ; see Fig. 2(a).
The second diagram where the roles of the two initial
protons are interchanged gives contributions which can be
obtained from those presented here through the replace-
ments y → −y, η → −η and xF → −xF. The dip in the η
distribution of ρ0 meson for jηj → 0 is a kinematical effect;
see Appendix D of [39].
From the pseudorapidity (η) distributions one can see

that it is difficult to perform a fully exclusive measurement.
Different types of detectors must be used: a central detector
(for detection of charged pions from ρ0 decay), very
forward proton detectors (ALFA for ATLAS or TOTEM
for CMS), and the zero degree calorimeters (for detection of
neutrons). The πþ meson from the reaction (3.1) shows up
at rapidities y ≈ −11 to −6.5 and is very difficult to identify
with the presently available detectors.

y
-10 -5 0 5 10

b)μ
σd

-210

-110

1

10
s+π0ρ→

p
n

0ρ
+π

η
-15 -10 -5 0 5 10 15

b)μ
η

/dσ d

-310

-210

-110

1

10
s+π0ρ→

p
n

0ρ
+π

Fx
-1 -0.5 0 0.5 1

b) μ
F

/d
x

σ d

-310

-210

-110

1

10

210

310
s+π0ρ→

p
n

0ρ
+π

FIG. 5. The differential cross sections for the pion exchange mechanism [the diagram of Fig. 2(a)] for the reaction pp → pnρ0πþ atffiffiffi
s

p ¼ 13 TeV. We have taken here Λ ¼ 1 GeV in (3.5). Absorption effects are not included here.
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In Fig. 6 we show the rapidity distributions of ρ0 meson
produced in the pion exchange mechanism. The results
shown in the left panel are obtained from the calculation
taking only the diagram of Fig. 2(a) into account. In the
right panel this diagram and in addition the diagram where
the roles of the two initial protons are interchanged is taken
into account. The solid line corresponds to the tensor
pomeron and f2IR exchanges while the long-dashed line
corresponds to the pomeron exchange alone. One can
observe in the forward/backward rapidity region an
enhancement due to the inclusion of f2IR exchanges.
This may be an interesting point for the LHCb experimental
plan in the future.2

Other single particle distributions are shown in Fig. 7. In
the top-left panel we show the transverse momentum
distributions of proton and neutron. On average protons
have much smaller transverse momenta compared to
neutrons. This is easy to understand as due to photon
exchange protons are scattered only at small angles. In the
bottom left panel we show distributions for ρ0 meson and
charged pion. Here the differences are much smaller as the
ρ0 meson feels not only photon exchange but also pomeron
exchange. The four-momentum transfer squared distribu-
tions (top right panel) are shown for the p → p vertex
(solid line, t1) and for the p → n vertex (dashed line, t2).
One can observe a minimum in the t2 distribution at t2 ¼ 0
characteristic for pion exchange. The correlations in the
relative azimuthal angle between proton and neutron (solid

line) and between ρ0 meson and πþ (dashed line) are shown
in the bottom-right panel. The lack of correlation between
proton and neutron can be understood as follows. The
proton pðpaÞ emits a quasireal photon and is scattered
to proton pðp1Þ; see (3.1) and Fig. 2(a). The photon travels
essentially in the direction of ~pa and its polarization is
determined by the azimuthal angle of ~p1. On the other side
of the diagram of Fig. 2(a) the proton pðpbÞ scatters to
nðp2Þ emitting a virtual pion πþðq2Þ. Thus, in the middle
we have the reaction γπþ → ρ0πþ. Without observation of
the ρ0 polarization the cross section for this reaction is
independent of the photon polarization as follows from
parity invariance. Then, no information from the photon
polarization and thus, from the azimuthal angle of proton
pðp1Þ, can reach the lower part of the diagram, the
pðpbÞ → nðp2Þ transition. Therefore, the azimuthal angles
of ~p1 and ~p2 should be uncorrelated, as indeed we find this
from the explicit calculation; see Fig. 7, lower right panel.
Also the azimuthal correlation of ρ0 and πþ shown in this
figure can be understood from kinematics. In the γπþ →
ρ0πþ reaction at the center of the diagram of Fig. 2(a) the
initial γ follows closely the direction of ~pa, the initial πþ
follows, not so closely but still preferentially, the direction
of ~pb (see Fig. 5, upper right panel). Then, in the two-body
reaction γπþ → ρ0πþ the ρ0 and πþ should come out
preferentially at opposite azimuths, that is, at ϕ ¼ 180°.
This is indeed what Fig. 7, lower right panel, shows.
In addition to the diagram of Fig. 2(a) there is, of course,

also the diagram with the role of the initial protons
interchanged. These diagrams contribute to different cor-
ners of the phase space as can be inferred from Fig. 5. Thus,
there are in essence no interference effects between the
amplitudes from these two diagrams. This is different for
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FIG. 6. The distributions in yρ0 for the reaction pp → pnρ0πþ at
ffiffiffi
s

p ¼ 13 TeV. We show the Born-level calculations obtained in the
pion exchange mechanism. In the left panel the results correspond to the diagram of Fig. 2(a) with tensor pomeron and f2IR exchanges
(the solid line) and the tensor pomeron exchange contribution alone (the long-dashed line). In the right panel we show the complete
results obtained including two diagrams, Fig. 2(a) plus the one with the role of the initial protons interchanged. We have taken here
Λ ¼ 1 GeV in (3.5).

2The πþπ− pairs from ρ0 decay could be detected by the LHCb
forward spectrometer which covers the region 2 < η < 5. There,
some experimental limitations on both outgoing pions, e.g. a cut
on pt;π > 0.2 GeV, must be imposed.
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the pp → ppV processes where the two amplitudes with
the photon coupling to one or the other initial proton
interfere strongly. This leads, for instance, to an interesting
pattern in the distribution of ϕpp, the azimuthal angle
between the outgoing protons (see the discussion in [38]
and also Fig. 13 of [25]).
Finally we compare the cross sections for the inelastic

reactions pp → pnρ0πþ and pp → ppρ0π0 to the cross
section for the exclusive elastic process pp → ppρ0. We
include here for the inelastic case the diagram Fig. 2(a) and
the one with the role of initial protons interchanged and also
the ppρ0π0 production where the amplitude is as in (3.6)
but with the factor

ffiffiffi
2

p
left out. For

ffiffiffi
s

p ¼ 13 TeV and
Λ ¼ 1 GeV in (3.5) we get

σinel ≡ σðpp → pNρ0πÞ

¼ 3

2
× 463.2 nb ≈ 0.69 μb; ð4:1Þ

where pNρ0π stands for the pnρ0πþ and ppρ0π0 final
states, and one of the initial protons, no matter which one, is
assumed to dissociate.
For the elastic reaction we get, using the methods of [25],

for
ffiffiffi
s

p ¼ 13 TeV

σel ≡ σðpp → ppρ0Þ ¼ 10.32 μb: ð4:2Þ

For
ffiffiffi
s

p ¼ 7 TeV the corresponding numbers are

σinel ¼ 0.58 μb; σel ¼ 8.81 μb; ð4:3Þ

respectively. For the ratio of inelastic and elastic cross
sections we get from (4.1)–(4.3)

σinel
σel

���� ffiffi
s

p ¼7 TeV
≃ 6.58 × 10−2; ð4:4Þ
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FIG. 7. Some differential cross sections for the pion exchange mechanism for the reaction pp → pnρ0πþ at
ffiffiffi
s

p ¼ 13 TeV. Only the
diagram of Fig. 2(a) is taken into account. Both tensor pomeron and f2IR exchanges are included in the calculation. We have taken here
Λ ¼ 1 GeV in (3.5). No absorption effects are included here.
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σinel
σel

���� ffiffi
s

p ¼13 TeV
≃ 6.69 × 10−2: ð4:5Þ

We see that this ratio increases only slightly with
ffiffiffi
s

p
.

We must mention here that the choice of the form factor
parameter Λ in (3.5) affects the size of the inelastic
cross sections. For Λ ¼ 1.2 GeV and

ffiffiffi
s

p ¼ 13 TeV we
get σinel ¼ 1.02 μb, and σinel=σel ≃ 9.88 × 10−2. This
should be compared to (4.1) and (4.5), respectively.
We are also interested how the inelastic to elastic ratio

depends on rapidity and transverse momentum of the ρ0

meson. Therefore we define

Rðyρ0Þ ¼
dσpp→pNρ0π=dyρ0

dσpp→ppρ0=dyρ0
; ð4:6Þ

Rðpt;ρ0Þ ¼
dσpp→pNρ0π=dpt;ρ0

dσpp→ppρ0=dpt;ρ0
: ð4:7Þ

In Fig. 8 we show the ratios as a function of ρ0 rapidity
(left panel) and transverse momentum (right panel). There
is almost no dependence of the ratio (4.6) on rapidity for
midrapidities. Only at the edges of the rapidity phase space
this ratio drops considerably. For the ratio (4.7) we predict
an interesting pattern as a function of pt;ρ0 .

V. CONCLUSIONS

In the present paper we have studied the reaction
pp → pnρ0πþ. We have considered the diagram of
Fig. 2(a) with photon exchange on one side and pomeron
plus f2IR reggeon exchanges in the middle (between πþ and
ρ0 meson) of the diagram. We have included also the
diagram with the role of the initial protons interchanged.
Due to the specificity of the reaction the corresponding

amplitudes do not interfere in practice as some of the
particles in the final state are emitted in different hemispheres
(exclusively forward or backward) for the two diagrams.
This is rather useful technically as the integration over the
four-particle final state is in the case considered not easy.
We have presented first results at the Born-level. Several

differential distributions have been shown explicitly for
individual particles in the final state (p; n; ρ0; πþ).
Compared to the pp → ppρ0 reaction we find no azimu-
thal angle correlations between the final proton and neutron
for pp → pnρ0πþ. Absorption effects, not considered here,
may change the result slightly, however, we do not expect a
large effect because the photon exchange from the proton
makes the reaction fairly peripheral.
It is not clear to us whether the reaction pp → pnρ0πþ

can be measured in the future at the LHC. The centrally
produced ρ0 meson could be identified by measuring two
charged pions in the main ATLAS and CMS detectors. The
πþπ− pairs can also be detected by the LHCb forward
spectrometer. The forward and backward protons and
neutrons could be measured with the help of forward proton
detectors (ALFA for ATLAS or TOTEM for CMS) and the
zero degree calorimeters, respectively. The very forward
going πþ is difficult to identify as there are no detectors in
the corresponding region of (pseudo)rapidity.
Independent of experimental feasibility the process

pp → pNρ0π is interesting on more general grounds. It
was one of our motivations to study the size of the cross
section and of differential distributions of the ρ0 meson for
the “inelastic” pp → pnρ0πþ compared to the reference
“elastic” pp → ppρ0 reaction. In this context we have also
included the pp → ppρ0π0 “inelastic” process which gives
a two times smaller contribution due to isospin symmetry of
the p → πN vertex. We have calculated the corresponding
ratios as a function of the ρ0 rapidity and transverse
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FIG. 8. The ratios Rðyρ0Þ (4.6) and Rðpt;ρ0Þ (4.7) at
ffiffiffi
s

p ¼ 13 TeV. The solid lines represent results for Λ ¼ 1 GeV in (3.5) and the
dashed lines are for Λ ¼ 1.2 GeV. No absorption effects are included here but they should approximately cancel in the ratio.
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momentum. The ratio of the integrated cross sections is
between 7% and 10%. For the ratios of unintegrated cross
sections we found a weak dependence on ρ0 rapidity and an
interestingpatternintheρ0 transversemomentumdependence.
We have shown that the proton excitation processes

(pp → pnρ0πþ and pp → ppρ0π0) constitute an impor-
tant inelastic (nonexclusive) background to the pp → ppρ0

reaction when the final state protons are not measured and
only rapidity gap conditions are checked experimentally.
The reaction pp → pnρ0πþ considered here may be a
prototype for the reaction pp → pnJ=ψπþ. There, the
mass of the J=ψ provides a (somewhat) “hard” scale.
Thus, this latter reaction may also be treated in the pQCD
dipole approach [24] or in the pQCD kt-factorization
approach with unintegrated gluon distributions as done
e.g. in [40] for the simpler pp → ppJ=ψ process.
To summarize: in this article we have studied ρ0

production in pp collisions where one proton undergoes
diffractive excitation to an nπþ or pπ0 system. These
processes contribute in experimental studies of exclusive ρ0

production where only large rapidity gaps around the
centrally produced ρ0 are checked but the forward and
backward going protons are not detected. Recently, exper-
imental results for this kind of processes have been
published by the CDF [41] and CMS [42] collaborations.
We found that ρ0 production with single diffractive exci-
tation of one proton (no matter which one) to nπþ plus pπ0

constitutes ≈ð7–10Þ% of the purely elastic ρ0 production at

LHC energies. This should be useful for background
estimates to the elastic ρ0 reaction. But we hope that the
inelastic ρ0 production will also be studied for its own sake
in the future. Indeed, all our results depend on the IPρρ
coupling which determines the cross section for the
reaction γπþ → ρ0πþ. Thus, from a measurement of pp →
pNρ0π one would be able to extract the cross section, total
and differential, for γπ → ρ0π. This would be a continu-
ation of the measurements of these quantities at HERA [22]
at c.m. energies Wγπ ¼ 13�34 GeV. We wish to mention
that for the LHC at

ffiffiffi
s

p ¼ 13 TeV one could cover a much
broader range ofWγπ but the experimental extraction of the
γπ → ρ0π cross sections is certainly not easy. Of course, in
order to get really reliable results for γπ → ρ0π in this way
it would be mandatory to have control over absorptive
corrections in pp → pNρ0π. But this is a rather difficult
subject and is definitely beyond the scope of the
present paper.
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