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We consider the pp — ppp°z® and pp — pnp’z+ 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 p° meson associated with a very forward/backward
7N system. The considered processes constitute an inelastic (nonexclusive) background to the pp — ppp°

reaction in the case when only the centrally produced p° meson decaying into z 7~ is measured, the final
state protons are not observed, and only rapidity-gap conditions are checked experimentally. We compare
our results for the yz* — p°z+ reaction with the experimental data obtained by the H1 collaboration at

HERA. We present several differential distributions for the pp — pnp®z™ reaction and estimate the size of

the proton dissociative background to the exclusive pp — ppp° process. The ratio of integrated cross

sections for the inelastic pp — pNp®z processes, where pNp°z stands for pnp’z* plus ppp°z°, to the
reference reaction pp — ppp° is of order of (7-10)%. We present also the ratios of the p° rapidity and

transverse momentum distributions for the inelastic pp — pNp°x versus the elastic pp — ppp° reaction.
Our results may be used to investigate the yz — p°z 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/w and vy’
mesons. These vector mesons were observed through their
decay into the pp~ final state. Also the cross sections for
production of T 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 p° production in pp
collisions (see Fig. 1)

(1.1)

Here the p° is produced by the fusion of a virtual photon
emitted from one proton and a pomeron plus f,;z reggeon
from the other proton. In the inelastic case the proton
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emitting the photon, or the one emitting /P, f,;z, 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
My <2 GeV) of the exclusive cross section for J/y
production. Here we wish to make first estimates in the
case of diffractive proton excitation for p° production. That
is, we shall study the case where the proton at the IP, f7;
side of Fig. 1 breaks up into a z*n continuum state

(1.2)

ptp—op+p+ntat.

FIG. 1. Exclusive central production of p° in pp collisions by
fusion of y and IP, f5;r. There is also a diagram with the role of
the initial protons interchanged.
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FIG. 2. The Born diagrams for processes contributing to exclusive p° 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 p,, at the lower side with momentum p,. There are also the corresponding diagrams with the role of the initial protons

interchanged.

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, z) system which scatters elasti-
cally on the p° meson via the exchange of the pomeron and
fo1r 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 — ppn®
reaction in [19].

The production of leading neutrons was studied in deep-
inelastic ep scattering (semi-inclusive e + p - e +n+ X
process) at HERA [20,21]. Very recently the first meas-
urement of exclusive photoproduction of p° mesons asso-
ciated with leading neutrons (yp — p°nz*) was presented
by the HI1 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
(p, ¢ and J/w) 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— pp(p° >zt 77)
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 p-photoproduction and the purely
diffractive contributions have been discussed for the pp —
pprtr 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 z°-
strahlung production [19] we consider here only the
contributions related to a p — z"n transition which is
interesting by itself (the p — z°p transition can be done
analogously). A related hadronic bremsstrahlung mecha-
nism of diffractive production of wN 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 zN 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 yzt — p°z* reaction within the
tensor-pomeron approach and compare our results with the
H1 experimental data. In Sec. III we consider the pp —
pnp®n™ 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 p° rapidity and transverse momentum distributions
for the inelastic pp — pNp°zr processes, where pNp°zn
stands for pnp®z* plus ppp°z°, versus the elastic reaction
pp — ppp°. Section V presents our conclusions.

II. THE REACTION yzt — p'nt

As a first ingredient for our calculations we consider the
reaction (see Fig. 3)
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FIG. 3. Diagram for yz* — p’z* with pomeron and f,z
reggeon exchange. We use the vector meson dominance model
and the corresponding relation for the y — p° coupling.

1(q:4,) + 75 (py) = p(ppsdy) + 7 (p2)  (2.1)

for real photons. Here the four-momenta and the helicities,
A, = +1 and 1, = £1,0, are indicated in brackets. We use
standard kinematic variables

s=Wi=(pp+9)?=(p2+p,)>
t=(pr—pp)* = (p,—q) (2.2)

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

do 1 1
T Tém(c — m2)20 M at = at 2- 2.3
dt  16x(s — m%)2 2 ;‘ Iyt =2, | (2.3)

The 7 -matrix element is

(P°(Ppsd). ()T |y(q. 2,). 7" ().
(2.4)

M%,ﬁ_&p,ﬁ —

The amplitude via the tensor-pomeron exchange is
written as

1P . « ~(IPpp
M, = (D)€ (py 7)) T (P )

X iAP (g8 (g)e (g, 4,)

X AP0 (s )il ™ (pa.py). (2.5)
where ¢) and €l?) are the polarization vectors for photon
and p° meson, respectively.
The IPpp 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]):

(1P 1 1
IA/(u/,K)A<S’ t) = a GuxGua + Gur9ue — Eg/wg/d

X (—isa)p)@r(-1

(2.6)

and fulfills the following relations
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AP (s,1) = AP (s, 1) = AUP) (s,1),

Up KA uv,Ak — Sxduv

AYP) (s,1)

v, kA

# A (s =0, g#Al") (s.1) =0,

v, kA

(2.7)

Here the pomeron trajectory a;p(t) is assumed to be of
standard linear form with intercept slightly above 1:

arp(t) = app(0) + ajpt,
o;p = 0.25 GeV—2.

a;p(0) = 1.0808,
(2.8)

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

TP (k! k)
1
= _izﬂIPim (k/ + k)y(k/ + k)y - Zg/w(k/ + k)2

x Fy((K = k)2). (2.9)

Here fp,, = 1.76 GeV~! and F)(¢) is the pion electro-
magnetic form factor in a parametrization valid for ¢ < 0,

1

Ful) == 73 (2.10)

where A} = 0.5 GeV?; see e.g. (3.22) of [34] and (3.34)
of [26].

Including f,;z exchange we obtain for the amplitude
(2.4)

2
m 0
Mo e (0.1) = ieZ R A O) V(P )
p

X €(y)u<q’ Ay)vﬂwd(s’ l,q, pp)
X 2(pa + pp) (P2 + Pp) [Fu(1)]%.
(2.11)

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

My=1GeV, 4r/y:=0496, (AY(0))™' = —m2 The
function V,,,(s., ¢, p,) has the form
Vymd(s’ 1, q, p[))
1 0 . an(f)—
=15 {2F;(4u2</1(ppv —=q)[2B1prztipyy(—isap) (D=1
+ (2[‘/10)_1gfzmﬂﬂafzmﬂ/’(_isallRJr)OEIRJr (t)_l]
2 . ()=
- Fl(ll/zd(p/)a _q)[2ﬂ1P7mb1P/)/)(_lsa/IP) (01

+ (2[‘/10)_1gfzmﬂﬂbfzmﬂ/’(_isallRJr)OCIRJr (f)_l]}' (2' 12)

The explicit tensorial functions FL"U)M( Pp—q),i=0,2,are
given in [26], formulas (3.18) and (3.19), respectively.
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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 p° meson in the yp — p°p
reaction fairly well for energies W,, 2 8 GeV; see
Fig. 4 (left panel) of [25].

Figure 4(a) shows the integrated cross section for the
yrt — pz* reaction as a function of the center-of-mass
energy. Our result is compared with the HI experimental
results [22] given in Table 9 of [22] in the W, region where
these data exist, see Fig. 4(b). The experimental photon-
pion cross sections were extracted from the exclusive p°

PHYSICAL REVIEW D 95, 034036 (2017)

production associated with a leading neutron, yp — p’nz™,
using the differential cross section do,,/dx;, and the pion
flux integrated over the range p,,, < 0.2 GeV; see [22]. We
see from Fig. 4(b) that the W, shape of the data is rather
well represented by our results. Note that for this it is
important to have both contributions, pomeron and f,;z
reggeon exchange. But to obtain the normalization of the
data we have to multiply our results with a factor K = 0.6.
The same message can be determined from Fig. 4(c) where
we show the ratio of cross sections for elastic p° photo-
production on pions and protons. To calculate the cross
section for the yp — p’p process we use formula (2.1)

10 e 6 ]
- total 1 - e Hldata 1
i 5 Eq. (2.11) ]
81 [ —— Eq (2.11)x (0.6 £0.1) 1
2 [ = I ]
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FIG. 4. (a): Cross section of elastic p° photoproduction on the pion as a function of the center-of-mass energy W, .. The solid line
corresponds to results with both the tensor pomeron and tensor f,;z 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 W, 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 6(yz™ — p°z") and 6(yp — p°p). The data point at W = 24 GeV

is taken from [22].
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given in [25]. We can see that, according to our calculation,
the ratio 6/"/c"? 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
(W) =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 yp — pnzx™ studied experimentally
[22]. The absorption factor estimated in [22] is K,,, =
0.44 £ 0.11 whereas we find here K = 0.6 £ 0.1.

III. THE REACTION pp — pnp’n*

Here we discuss the exclusive production of p° meson
associated with a forward z"n system in proton-proton
collisions,

P(Par2a) + PPy ) = P(P1s A1) +p(Ppe 4y)

+ 77 (pa) + n(p2. Aa). (3.1)
The kinematic variables for (3.1) are
41 = Pa — P1>» 4> = Pp — P2,
tl - Q%’ t2 - q%’
§=(q1+q)* = (p, + )%,
1= (QI - pp>2 = (QZ - pﬂ>2' (32)

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

(vIP)
Aadp =2 /12/1/,

= (—l)ﬁ(pl s /11 )l.l—"(lym?) (Pl ’ pa)u(pav Aa)
X iA08 (g,) T (g, )iAP (g,) (€7 (p,. 4,))"
« iF(IPpP) (p/)’ q1 )iA(IP)a//’.(Sr/(S:’ ’i)

P2P1 11/3
X TS Py 2)iA™ (1) s, Jo)

x TP (py, py)u(py, Ap).- (3.3)

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

1
ir=rp)(p!, p) = —iC=Pm)(p', p)

V2

= —¥sgawnFan((p' = p)?).  (3.4)

The general expressions for the pion-nucleon coupling are
given in [35]. We have for the 7z°pp coupling constant
gevy > 0 and g2/ (47) = 14.4 as a typical value quoted
in the literature; see for instance [35,36]. The form factor

PHYSICAL REVIEW D 95, 034036 (2017)

F,yn(f) is normalized to unity at the on-shell point
F,yy(m2) = 1 and parametrized here as

(3.5)

where A could be adjusted to experimental data. We take
A =1 GeV and 1.2 GeV for comparison.

In the high-energy small-angle approximation we get,
including also yf,;z exchange,

(rIP+rfar)

2
m
Aady=A1ad, _ezy_p (P14 Pa)6,,,F (1)

P

1 .
x AL (1)(€7(p,.4,))

1
X i'—v(p)(tl)vﬁzl’]aﬂ(g’ ,i’ qi p/’)[FM(,i)]2

5 Fann(02) Fa(12)
ty —my

x \/EgnNNﬁ(Psz)Vsu(Pb,ﬂb)-

X 2(pz + q2)*(Px + 42)
(3.6)

Here we take only the Dirac form factor of the proton
Fi(t;); see (3.29) of [26]. We have also included form
factors F”)(1,) and F,(1,) taking into account that the p
created in the y-p transition and the ™ emitted from the
proton p(p,), respectively, are off shell. We assume in the
calculations presented in this paper that £, (f) = F,yy(?)
which corresponds to the exponential form for F,; see
(3.17) of [29]. For F*) (1) we take a form as given in (B.85)
of [33] with A, =2 GeV and n, = 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 — pnp’x*. 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: ¢ = 387.2 (463.2) nb at /s =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 /P and f,;z reggeon exchanges
and for A = 1 GeVin (3.5).1 The realistic cross section can
be obtained by multiplying the Born cross section by the
corresponding gap survival factor (S?). In exclusive reac-
tions, as the pp — pprtzn~ one for instance, the gap
survival factor (S?) is strongly dependent on the ¢, and ¢,
variables, see e.g. [37]. A similar observation was made for
the pp — ppJ/y reaction [38]. In [25] we have shown that

'For comparison, for /s = 13 TeV, we get the cross section
equal to 407.4 nb when only the /P exchange is taken into
account.
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the absorption effects due to p p-interaction lead to a huge
damping of the cross section for the purely diffractive
mechanism ({$?) = 0.2) and a relatively small reduction of
the cross section for the photoproduction mechanism
((8?) =0.9). It is not clear whether such a value
((8?) =0.9) is relevant for the case of interest (3.1). Our
Born-level cross section, calculated for /s = 13 TeV,
should be compared with o= (206.72-278.80) 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%, (S?) =0.5.
We should emphasize that the HI1 experimental group
found a similar result for the yp — p’na™ reaction [22].
From Fig. 4(c) we find a suppression factor (S?) =
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, p° meson and pion) in

PHYSICAL REVIEW D 95, 034036 (2017)

several kinematical variables: rapidity, pseudorapidity and
Feynman-x (xz =2p./+/s). Here we consider only the
pion exchange mechanism and only one diagram where
the photon couples to the proton p(p,,4,); 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, n = —n and xp — —xp. The dip in the 7
distribution of p° meson for || — 0 is a kinematical effect;
see Appendix D of [39].

From the pseudorapidity (77) 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 p° decay), very
forward proton detectors (ALFA for ATLAS or TOTEM
for CMS), and the zero degree calorimeters (for detection of
neutrons). The # 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.

10 7 — ‘ ‘ = 10 T3
F pp — pn p’n* Vs=13 TeV ] t pp — pn p'n* Vs=13 TeV ]
- . I~ _p 1
- . B _nO T
g —p E
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e 12 ?
| | S w0'F E
© 10" 3 © - 3
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i ] 107 £ E
10”2 E i ]
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The differential cross sections for the pion exchange mechanism [the diagram of Fig. 2(a)] for the reaction pp — pnp’z* at

\/s = 13 TeV. We have taken here A =1 GeV in (3.5). Absorption effects are not included here.
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FIG. 6. The distributions in y 0 for the reaction pp — pnp’z* at \/s = 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 f,;z 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

A =1 GeV in (3.5).

In Fig. 6 we show the rapidity distributions of p° 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 f,;, 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 f,;z exchanges.
This may be an interesting point for the LHCb experimental
plan in the future.’

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 p° meson and
charged pion. Here the differences are much smaller as the
p° 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, ;) and for the p — n vertex (dashed line, ,).
One can observe a minimum in the ¢, distribution at 1, = 0
characteristic for pion exchange. The correlations in the
relative azimuthal angle between proton and neutron (solid

*The ntn~ pairs from p° decay could be detected by the LHCb
forward spectrometer which covers the region 2 < 5 < 5. There,
some experimental limitations on both outgoing pions, e.g. a cut
on p,, > 0.2 GeV, must be imposed.

line) and between p° meson and 7z (dashed line) are shown
in the bottom-right panel. The lack of correlation between
proton and neutron can be understood as follows. The
proton p(p,) emits a quasireal photon and is scattered
to proton p(p,); see (3.1) and Fig. 2(a). The photon travels
essentially in the direction of p, and its polarization is
determined by the azimuthal angle of p;. On the other side
of the diagram of Fig. 2(a) the proton p(p,) scatters to
n(p,) emitting a virtual pion 77 (g,). Thus, in the middle
we have the reaction yz™ — p°z*. Without observation of
the p° 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
p(py), can reach the lower part of the diagram, the
p(py) = n(p,) transition. Therefore, the azimuthal angles
of p; and p, should be uncorrelated, as indeed we find this
from the explicit calculation; see Fig. 7, lower right panel.
Also the azimuthal correlation of p° and z* shown in this
figure can be understood from kinematics. In the yzt —
'zt reaction at the center of the diagram of Fig. 2(a) the
initial y follows closely the direction of p,, the initial 7"
follows, not so closely but still preferentially, the direction
of p,, (see Fig. 5, upper right panel). Then, in the two-body
reaction yzt — pzt the p° and z" should come out
preferentially at opposite azimuths, that is, at ¢ = 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. 7. Some differential cross sections for the pion exchange mechanism for the reaction pp — pnp’z™ at /s = 13 TeV. Only the
diagram of Fig. 2(a) is taken into account. Both tensor pomeron and f»; exchanges are included in the calculation. We have taken here

A =1 GeV in (3.5). No absorption effects are included here.

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 ¢,,, 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 — pnpzt and pp — ppp°z° to the cross
section for the exclusive elastic process pp — ppp°. 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 ppp°n® production where the amplitude is as in (3.6)
but with the factor v/2 left out. For Vs =13 TeV and
A =1 GeV in (3.5) we get

Ginet = 0(pp — pNp°m)

3
= X 463.2 nb ~ 0.69 b, (4.1)

where pNp®z stands for the pnp’zt and ppp°z° 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 /s = 13 TeV

ca=o(pp = ppp°) = 10.32 pb. (4.2)
For /s =7 TeV the corresponding numbers are
Cinel = 0.58 ub, 0o = 8.81 ub, (4.3)

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

Oinel
O¢l

=6.58 x 1072,
Vs=7 TeV

(4.4)
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Finel ~6.69 x 10~2.
Oel |/5=13 TeV

(4.5)

We see that this ratio increases only slightly with /s.

We must mention here that the choice of the form factor
parameter A in (3.5) affects the size of the inelastic
cross sections. For A = 1.2 GeV and /s = 13 TeV we
get Gy = 1.02 b, and 6,,,/04 = 9.88 x 1072, 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 p°
meson. Therefore we define

dG —pN, Oﬂ/dy 0
R(yy) = dpp PP y r. (4.6)
O pp—ppp®/ AV
do N oﬂ/dp. 0
R(p, ) = — 2=t r 1 (4.7)

S ppspppt /AP0

In Fig. 8 we show the ratios as a function of p° 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 p, .

V. CONCLUSIONS

In the present paper we have studied the reaction
pp — pnp’w*. We have considered the diagram of
Fig. 2(a) with photon exchange on one side and pomeron
plus f5; reggeon exchanges in the middle (between z and
p" 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,p° z™).
Compared to the pp — ppp° reaction we find no azimu-
thal angle correlations between the final proton and neutron
for pp — pnp’z. 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 — pnp°z*
can be measured in the future at the LHC. The centrally
produced p° meson could be identified by measuring two
charged pions in the main ATLAS and CMS detectors. The
#ta~ 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 #" is difficult to identify as there are no detectors in
the corresponding region of (pseudo)rapidity.

Independent of experimental feasibility the process
pp — pNp°z 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 p° meson for
the “inelastic” pp — pnp®z™ compared to the reference
“elastic” pp — ppp° reaction. In this context we have also
included the pp — ppp°z° “inelastic” process which gives
a two times smaller contribution due to isospin symmetry of
the p — 7N vertex. We have calculated the corresponding
ratios as a function of the p° rapidity and transverse
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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 p° rapidity and an
interesting patternin the p° transverse momentum dependence.

We have shown that the proton excitation processes
(pp = pnp’z* and pp — ppp°z°) constitute an impor-
tant inelastic (nonexclusive) background to the pp — ppp°
reaction when the final state protons are not measured and
only rapidity gap conditions are checked experimentally.
The reaction pp — pnp’z™ considered here may be a
prototype for the reaction pp — pnJ/wn*. There, the
mass of the J/w provides a (somewhat) “hard” scale.
Thus, this latter reaction may also be treated in the pQCD
dipole approach [24] or in the pQCD k,-factorization
approach with unintegrated gluon distributions as done
e.g. in [40] for the simpler pp — ppJ/y process.

To summarize: in this article we have studied p°
production in pp collisions where one proton undergoes
diffractive excitation to an nz* or pa’ system. These
processes contribute in experimental studies of exclusive p°
production where only large rapidity gaps around the
centrally produced p° 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 p° production with single diffractive exci-
tation of one proton (no matter which one) to nz™ plus pz°
constitutes ~(7-10)% of the purely elastic p° production at

PHYSICAL REVIEW D 95, 034036 (2017)

LHC energies. This should be useful for background
estimates to the elastic p° reaction. But we hope that the
inelastic p° production will also be studied for its own sake
in the future. Indeed, all our results depend on the IPpp
coupling which determines the cross section for the
reaction yzt — p°z*. Thus, from a measurement of pp —
pNp°z one would be able to extract the cross section, total
and differential, for yz — p°z. This would be a continu-
ation of the measurements of these quantities at HERA [22]
at c.m. energies W,, = 13—34 GeV. We wish to mention
that for the LHC at /s = 13 TeV one could cover a much
broader range of W, but the experimental extraction of the
yrn — p°x cross sections is certainly not easy. Of course, in
order to get really reliable results for yz — p°z in this way
it would be mandatory to have control over absorptive
corrections in pp — pNp°z. But this is a rather difficult
subject and is definitely beyond the scope of the
present paper.
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