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We discuss the possibility to use the pp — pp¢ ¢ process in identifying the odderon exchange.
So far there is no unambiguous experimental evidence for the odderon, the charge conjugation
C = —1 counterpart of the C = +1 pomeron. Last year results of the TOTEM collaboration
suggest that the odderon exchange can be responsible for a disagreement of theoretical calcula-
tions and the TOTEM data for elastic proton-proton scattering. Here we present recent studies
for central exclusive production (CEP) of ¢¢ pairs in proton-proton collisions. We consider the
pomeron-pomeron fusion to ¢¢ (PP — ¢¢) through the continuum processes, due to the - and
fi-channel reggeized ¢-meson, photon, and odderon exchanges, as well as through the s-channel
resonance process (PP — f,(2340) — ¢¢). This f, state is a candidate for a tensor glueball. The
amplitudes for the processes are formulated within the tensor-pomeron and vector-odderon ap-
proach. Some model parameters are determined from the comparison to the WA 102 experimental
data. The odderon exchange is not excluded by the WA102 data for high ¢ ¢ invariant masses.
The measurement of large Myy or Y g events at the LHC would therefore suggest presence of

the odderon exchange.
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1. Introduction

Diffractive studies are one of the important parts of the physics program for the RHIC [1] and
LHC experiments [2, 3]. A particularly interesting class is the central-exclusive-production (CEP)
processes, where all centrally produced particles are detected. In recent years, there has been a
renewed interest in exclusive production of 71~ pairs at high energies related to successful ex-
periments by the CDF [4] and the CMS [2] collaborations. Preliminary results of similar CEP
studies have been presented by the ALICE and LHCb collaborations at the LHC. These measure-
ments are important in the context of resonance production, in particular, in searches for glueballs.
For a feasibility studies for the pp — ppm™n~ process with tagging of the scattered protons as
carried out for the ATLAS and ALFA detectors see [3].

In [5] the tensor-pomeron and vector-odderon concept was introduced for soft reactions. In
this approach, the C = +1 pomeron and the reggeons R = fyr,asr are treated as effective rank-2
symmetric tensor exchanges while the C = —1 odderon and the reggeons R_ = wg, pr are treated
as effective vector exchanges. For these effective exchanges a number of propagators and ver-
tices, respecting the standard rules of quantum field theory, were derived from comparisons with
experiments. This allows for an easy construction of amplitudes for specific processes. Appli-
cations of the tensor-pomeron and vector-odderon ansatz were given for photoproduction of pion
pairs in [12] and for a number of central-exclusive-production (CEP) reactions in pp collisions in
[13, 14, 15, 16, 17, 18, 19, 20, 21]. In [22] the helicity structure of small-|¢| proton-proton elastic
scattering was considered in three models for the pomeron: tensor, vector, and scalar. Only the
tensor ansatz for the pomeron was found to be compatible with the high-energy experiment on
polarized pp elastic scattering [11].

So far there is no unambiguous experimental evidence for the odderon (Q), the charge conju-
gation C = —1 counterpart of the C = +1 pomeron, introduced on theoretical grounds in [6]. A
hint of the odderon was seen in ISR results [7] as a small difference between the differential cross
sections of elastic proton-proton (pp) and proton-antiproton (pp) scattering in the diffractive dip
region at /s = 53 GeV. Recently the TOTEM Collaboration has published data from high-energy
elastic pp scattering experiments at the LHC [8].

As was discussed in [9] exclusive diffractive J/y and ¢ production from the pomeron-odderon
fusion in high-energy pp and pp collisions is a direct probe for a possible odderon exchange. For
a nice review of odderon physics see [10]. In the diffractive production of ¢ meson pairs it is
possible to have pomeron-pomeron fusion with intermediate 7/ii-channel odderon exchange [21];
see the corresponding diagram in Fig. 1 (c). Thus, the pp — pp@ ¢ reaction is a good candidate for
the O-exchange searches, as it does not involve the coupling of the odderon to the proton [18].

Studies of different decay channels in central exclusive production would be very valuable
also in the context of identification of glueballs. One of the promising reactions is pp — ppd @
with both ¢ = ¢(1020) mesons decaying into the K™K~ channel. Structures in the ¢ ¢ invariant-
mass spectrum were observed by several experiments [23, 24, 25]. Three tensor states, f>(2010),
/2(2300), and f>(2340), observed previously in [23], were also observed in the radiative decay
J/y — y9o [26]. The nature of these resonances is not understood at present. According to
lattice-QCD simulations, the lightest tensor glueball has a mass between 2.2 and 2.4 GeV, see, e.g.
[27]. The £,(2300) and f>(2340) states are good candidates to be tensor glueballs.
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Figure 1: The Born-level diagrams for double pomeron central exclusive ¢¢ production and their decays
into K*K~KTK™: (a) ¢¢ production via an f, resonance. Other resonances, e.g. of fy- and 1-type, can also
contribute here. (b) and (c) continuum ¢ ¢ production via an intermediate ¢ and odderon (O) exchanges,
respectively. P-y-P and O-P-O contributions are also possible but negligibly small.

2. A sketch of formalism

In [21] we considered the CEP of four charged kaons via the intermediate ¢ ¢ state. Explicit
expressions for the pp — pp¢ ¢ amplitudes involving the pomeron-pomeron fusion to ¢ ¢ (PP —
¢ ¢) through the continuum processes, due to the 7- and ii-channel reggeized ¢-meson, photon, and
odderon exchanges, as well as through the s-channel resonance reaction (PP — f»(2340) — ¢¢)
were given there. The “Born-level” amplitude for the pp — pp@ ¢ reaction can be written as

/{Born _ j/(fz—exchange)_i_%(d)—exchange)+%(©—exchange)‘ 2.1

Here we discuss shortly the continuum process with the odderon exchange [see Fig. 1 (c)] for the
pp — pp@ ¢ reaction. The amplitude is a sum of 7- and #i-channel amplitudes. The 7-channel term
(Born level) can be written as

D = (=)a(pr, )Tt (P, pa)u(pas Ad)IA® HVIAP (15 11

(PO N . .
X’F,(alp;%(l?f’—f’ﬁ (8<¢>p3(,13)> iA@ PPz (51 5)

Xirggdgzﬁz(l)‘hﬁt) (g(¢)p4@4)) iAB) c2pa. 2V (524,12

Xﬁ(Pz,/lz)irgléf) (P2, Po)u(pp, Ap) (2.2)

where p,p, p12 and )La,ln)LLZ = i% denote the four-momenta and helicities of the protons and
P34 and A3 4 = 0,%1 denote the four-momenta and helicities of the ¢ mesons, respectively. p; =
Pa— P1— D3, Pu= Pa—Pa+ 11,55 = (pi+pj)* t1 = (p1— pa). t2 = (p2 — pp)*. TEPP) and A®)
denote the proton vertex function and the effective propagator, respectively, for tensorial pomeron.
The corresponding expressions are as follows [5]:

. ) 1 1

T (p',p) = —i3BewnFi (1) {2 (P +p)v+ WP +p)u] — Zguv(zﬁ“r 15)} , (23)
, 1 1 . _

IAL[P?,K;L (s,1) = i <gm<gm + 8ur8vi — zgwgm> (—isorp) 1 (2.4)

where Bpyy = 1.87 GeV~!. The pomeron trajectory ap(t) is assumed to be of standard linear form
(see, e.g., [28]): op(t) = op(0) + a2, op(0) = 1.0808, o = 0.25 GeV 2.
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Our ansatz for the effective propagator of the C = —1 odderon is [5]

iAY (5.) = —iguvg%(—isab)"‘@(’)_l with My=1GeV, ng==+1. (2.5)
0
Here ag(t) = ap(0) + afyt and we choose, as an example, oy = 0.25 GeV 2, 0 (0) = 1.05.
For the PO¢ vertex we use an ansatz with two rank-four tensor functions I'®2) [21]:

IFSP;%?) (k/ k) (]P’@(P) ((k + k/) 7k/2a kz) [2 a]p@(p rit\ik’)l (klv k) - bP(O)d’ FLZ\EKZ (k/7 k)j| ? (26)

FEOO ((k+K')? ,k'z,k2> = F((k+K)") F(K*)FEOO (%), .7)

where we take F(k?) = (1 —k2/A%)~" and F(" <DW(mé) = 1. The coupling parameters apgg, brog
and the cutoff parameter A? could be adjusted to the WA102 experimental data [25].

At low /s34 = Mgy the Regge type of interaction is not realistic and should be switched off.
To achieve this we multiplied the @-exchange amplitude by a purely phenomenological factor:
Fine(534) = 1 —exp[(stnr — 534) /Stnr)| with syne = 4mg.

The amplitude for the process shown in Fig. 1 (b) has the same form as the amplitude with the
O exchange but we have to make the following replacements:

T W k) — T (K k), 2.8)
iAY) (534, p%) — iAl0) (). (2.9)

We have fixed the coupling parameters of the tensor pomeron to the ¢ meson based on the HERA
experimental data for the Yp — ¢ p reaction; see [19]. We should take into account the reggeization
of the intermediate ¢ meson; see [21]. We take &t (p*) = 09(0) + o p%, 09(0) = 0.1 [29], and
oty =0.9 GeV 2.

In order to give realistic predictions we shall include absorption effects calculated at the am-
plitude level and related to the pp nonperturbative interactions. The full amplitude includes the
pp-rescattering corrections (absorption effects)

~///1pr¢¢ _ %Bom + %absorption, (2,10)
%absorptlon(s pltaPZz) T — /de %Bor (S plt7p2t)%(]?)(s7_kf2)’ (2_11)

where p,, = p;, —k; and py, = py, + ki M. ) is the elastic pp-scattering amplitude with the

el
momentum transfer r = —k?>.

3. Results

Figure 2 shows complete results including the f>(2340)-resonance contribution and the contin-
uum processes due to reggeized-¢, odderon, and photon exchanges. It is very difficult to describe
the WA102 data for the pp — pp@d ¢ reaction including resonances and the ¢-exchange mechanism
only [21]. Inclusion of the odderon exchange improves the description of the WA102 data [25], see
the left panel of Fig. 2. Having fixed the parameters of our quasi fit to the WA102 data we wish to
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show our predictions for the LHC. We show the results for the ATLAS (CMS) experimental con-
ditions (|nk| < 2.5, prx > 0.2 GeV). The distribution in four-kaon invariant mass is shown in the
center panel and the difference in rapidity between the two ¢ mesons (Y gifr) in the right panel. The
small intercept of the ¢-reggeon exchange, &y (0) = 0.1 makes the ¢-exchange contribution steeply
falling with increasing Mag and |Y giff|. Therefore, an odderon with an intercept op(0) around 1.0
should be clearly visible in the region of large Mk and for large rapidity distance between the ¢
mesons.
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Figure 2: The distributions in ¢ ¢ invariant mass (left), in Mg (center), and in Y g (right). The WA102
experimental data from [25] are shown. The calculations were done for /s = 29.1 GeV and |xg 4| <
0.2, and for /s = 13 TeV and |nk| < 2.5, p;x > 0.2 GeV. The black long-dashed line corresponds to
the ¢-exchange contribution and the black dashed line corresponds to the f>(2340) contribution. The red
dotted line represents the odderon-exchange contribution for appy = 0 and bpgy = 1.0 GeV~!in (2.6). The
coherent sum of all terms is shown by the red and blue solid lines for ng = —1 and ng = +1, respectively.
The absorption effects are included in the calculations.

4. Conclusions

Taking into account typical kinematic cuts for LHC experiments in the pp — pp¢¢ — ppK K" KTK~
reaction we have found that the odderon exchange contribution should be distinguishable from
other contributions for large rapidity distance between the outgoing ¢ mesons and in the region of
large four-kaon invariant masses. Our results can be summarized in the following way:

o CEP is particularly interesting class of processes which provides insight to unexplored soft
QCD phenomena. The fully differential studies of exclusive pp — pp@¢@ reaction within
the tensor-pomeron and vector-odderon approach was executed; for more details see [21].
Integrated cross sections of order of a few nb are obtained including the experimental cuts
relevant for the LHC experiments. The distribution in rapidity difference of both ¢-mesons
could shed light on the f>(2340) — ¢ ¢ coupling [15], not known at present.

e We find from our model that the odderon-exchange contribution should be distinguishable
from other contributions for relatively large rapidity separation between the ¢ mesons. Hence,
to study this type of mechanism one should investigate events with rather large four-kaon in-
variant masses, outside of the region of resonances. These events are then “three-gap events™:
proton—gap—@—gap—@—gap—proton. Experimentally, this should be a clear signature.
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e Clearly, an experimental study of CEP of a ¢-meson pair should be very valuable for clari-
fying the status of the odderon. At least, it should be possible to derive an upper limit on the
odderon contribution in this reaction.

References

R. Sikora (STAR Collaboration), arXiv:1811.03315 [hep-ex].
CMS Collaboration, CMS-PAS-FSQ-16-006.

R. Staszewski, P. Lebiedowicz, M. Trzebinski, J. Chwastowski, A. Szczurek, Acta Phys. Polon. B 42,
1861 (2011).

T. Aaltonen et al. (CDF Collaboration), Phys. Rev. D 91, 091101 (2015).

C. Ewerz, M. Maniatis, O. Nachtmann, Annals Phys. 342, 31 (2014).

L. Lukaszuk, B. Nicolescu, Lett. Nuovo Cim. 8 (1973) 405.

A. Breakstone, Phys. Rev. Lett. 54, 2180 (1985).

TOTEM Collaboration, arXiv:1812.04732 [hep-ex]; arXiv:1812.08610 [hep-ex].
A. Schifer, L. Mankiewicz, O. Nachtmann, Phys. Lett. B 272,419 (1991).

C. Ewerz, arXiv:0306137 [hep-ph].

L. Adamczyk et al. (STAR Collaboration), Phys. Lett. B 719, 62 (2013).

A. Bolz, C. Ewerz, M. Maniatis, O. Nachtmann, M. Sauter, A. Schoning, JHEP 1501, 151 (2015).
P. Lebiedowicz, O. Nachtmann, A. Szczurek, Annals Phys. 344, 301 (2014).

P. Lebiedowicz, O. Nachtmann, A. Szczurek, Phys. Phys. D 91, 074023 (2015).
P. Lebiedowicz, O. Nachtmann, A. Szczurek, Phys. Phys. D 93, 054015 (2016).
P. Lebiedowicz, O. Nachtmann, A. Szczurek, Phys. Phys. D 94, 034017 (2016).
P. Lebiedowicz, O. Nachtmann, A. Szczurek, Phys. Phys. D 95, 034036 (2017).
P. Lebiedowicz, O. Nachtmann, A. Szczurek, Phys. Phys. D 97, 094027 (2018).
P. Lebiedowicz, O. Nachtmann, A. Szczurek, Phys. Phys. D 98, 014001 (2018).
P. Lebiedowicz, O. Nachtmann, A. Szczurek, arXiv:1901.07788 [hep-ph].

P. Lebiedowicz, O. Nachtmann, A. Szczurek, Phys. Phys. D 99, 094034 (2019).
C. Ewerz, P. Lebiedowicz, O. Nachtmann, A. Szczurek, Phys. Lett. B 763, 382 (2016).
A. Etkin et al., Phys. Lett. B 201, 568 (1988).

D. Aston et al., Nucl. Phys. Proc. Suppl. 21,5 (1991).

D. Barberis et al. (WA102 Collaboration), Phys. Lett. B 432, 436 (1998).

M. Ablikim et al. (BESIII Collaboration), Phys. Phys. D 93, 112011 (2016).
C.J. Morningstar, M. J. Peardon, Phys. Phys. D 60, 034509 (1999).

A. Donnachie, H.G. Dosch, P.V. Landshoff, O. Nachtmann. Pomeron Physics and QCD (Cambridge
University Press, 2002).

P.D.B. Collins. Regge Theory and Particle Physics (University of Durham, 1970).



