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SEARCHING FOR ODDERON
IN EXCLUSIVE REACTIONS

We discuss the possibility to use the pp — ppod 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' = 41 pomeron. Last year, the results of the TOTEM collabo-
ration suggest that the odderon exchange can be responsible for a disagreement of theoretical
calculations and the TOTEM data for the elastic proton-proton scattering. Here, we present
recent studies for the central exclusive production (CEP) of ¢¢ pairs in proton-proton col-
lisions. We consider the pomeron-pomeron fusion to ¢¢ (PP — ¢¢p) through the continuum
processes, due to the t- and G-channel reggeized ¢-meson, photon, and odderon exchanges,
as well as through the s-channel resonance process (PP — f2(2340) — ¢¢). This fo state is
a candidate for a tensor glueball. The amplitudes for the processes are formulated within the
tensor-pomeron and vector-odderon approach. Some model parameters are determined from
the comparison to the WA102 experimental data. The odderon exchange is not excluded by the
WA102 data for high ¢¢ invariant masses. The measurement of large Myy or Yaig events at
the LHC would therefore suggest the presence of the odderon exchange. The process is advan-
tageous, as here the odderon does not couple to protons.
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1. Introduction

Diffractive studies are one of the important parts of
the physics program for the RHIC and LHC experi-
ments. A particularly interesting class is the central-
exclusive-production (CEP) processes, where all cen-
trally produced particles are detected.

In recent years, there has been a renewed interest
in the exclusive production of 77~ pairs at high en-
ergies related to successful experiments by the CDF
[1] and the CMS [2] collaborations. These measure-
ments are important in the context of the resonance
production, in particular, in searches for glueballs. In
the CDF and CMS experiments, the large rapidity
gaps around the centrally produced dimeson system
were checked, but the forward- and backward-going
(anti)protons were not detected. Preliminary results
of similar CEP studies have been presented by the
ALICE and LHCb collaborations at the LHC. Al-
though such results will have a diffractive nature, fur-
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ther efforts are needed to ensure their exclusivity. On-
going and planned experiments at the RHIC (see, e.g.,
[3]) and future experiments at the LHC will be able
to detect all particles produced in central exclusive
processes, including the forward- and backward-going
protons. The feasibility studies for the pp — pprta—
process with the tagging of scattered protons, as car-
ried out for the ATLAS and ALFA detectors, are
in [4]. Similar possibilities exist using the CMS and
TOTEM detectors.

In [21], the tensor-pomeron and vector-odderon
concepts were introduced for soft reactions. In this
approach, the C = +1 pomeron and the reggeons
R+ = fogr,aor are treated as effective rank-2 sym-
metric tensor exchanges, while the C' = —1 odderon
and the reggeons R_ = wg, pr are treated as effec-
tive vector exchanges. For these effective exchanges,
a number of propagators and vertices, respecting
the standard rules of quantum field theory, were de-
rived from comparisons with experiments. This al-
lows for an easy construction of amplitudes for spe-
cific processes. In [22], the helicity structure of a
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Fig. 1. Born-level diagrams for the double pomeron central
exclusive ¢¢ production and their decays into KT K~ K+ K~:
¢¢ production via an fa resonance (a). Other resonances, e.g.,
of fo- and n-type, can also contribute here. The continuum ¢¢
production via an intermediate ¢ and odderon (Q) exchanges,
respectively, (b) and (c¢). P-y-P and O-P-O contributions are
also possible, but negligibly small

small-|t| proton-proton elastic scattering was consid-
ered in three models for the pomeron: tensor, vec-
tor, and scalar ones. Only the tensor ansatz for the
pomeron was found to be compatible with the high-
energy experiment on the polarized pp elastic scatter-
ing [10].

Applications of the tensor-pomeron and vector-
odderon ans’atze were given for the photoproduction
of pion pairs in [11] and for a number of central-
exclusive-production (CEP) reactions in pp collisions
in [12-20]. In addition, contributions from the sub-
leading exchanges, Ry and R_, were discussed in
these works. As an example, for the pp — pppp re-
action [17], the contributions involving an odderon
are expected to be small since its coupling to a pro-
ton is very small. We have predicted asymmetries
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in the (pseudo)rapidity distributions of the centrally
produced antiproton and proton. The asymmetry is
caused by interference effects of the dominant (P, P)
with the subdominant (O+R_, P+R,) and (P+R,
O + R_) exchanges. We find only very small effects
for the odderon, roughly a factor of 10 smaller than
the effects due to reggeons.

So far, there is no unambiguous experimental evi-
dence of the odderon, the charge conjugation C' = —1
counterpart of the C' = 41 pomeron, introduced on
theoretical grounds in [5]. A hint of the odderon was
seen in ISR results [6] as a small difference between
the differential cross-sections of elastic proton-proton
(pp) and proton-antiproton (pp) scatterings 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.
In [7], results were given for the p parameter, the ratio
of the real part to the imaginary one of the forward
scattering amplitude. The interpretation of these re-
sults is controversial at the moment.

As was discussed in [8], the exclusive diffractive
J/1¢ and ¢ productions from the pomeron-odderon
fusion in high-energy pp and pp collisions are a direct
probe for a possible odderon exchange. For a nice re-
view of the odderon physics, see [9]. In the diffractive
production of ¢ meson pairs, it is possible to have
the pomeron-pomeron fusion with intermediate /-
channel odderon exchange [20]; see the corresponding
diagram in Fig. 1, ¢. Thus, the pp — ppo¢ reaction is
a good candidate for the odderon-exchange searches,
as it does not involve the coupling of the odderon to
the proton.

Studies of different decay channels in the central
exclusive production would be very valuable also in
the context of identification of glueballs. One of
the promising reactions is pp — ppp¢ with both
¢ = ¢(1020) mesons decaying into the KK~ chan-
nel. Structures in the ¢¢ invariant-mass spectrum
were observed by several experiments, e.g., in the
exclusive 77p — ¢on [23] and K~ p — ¢pA [24]
reactions, and in the central production [25]. Three
tensor states, f2(2010), f2(2300), and f2(2340), ob-
served previously in [23], were also observed in the
radiative decay J/¢ — v¢¢ [26]. The nature of these
resonances is not understood at present and a tensor
glueball has still not been clearly identified. Accor-
ding to lattice-QCD simulations, the lightest tensor
glueball has a mass between 2.2 and 2.4 GeV, see,
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e.g. [27]. The f2(2300) and f2(2340) states are good
candidates to be tensor glueballs.

For an interesting approach to the exclusive diffrac-
tive resonance production in pp collisions at high en-
ergies, see also Ref. [28,29].

2. A Sketch of Formalism

In [20], we considered the CEP of four charged kaons
via the intermediate ¢¢ state. Explicit expressions for
the pp — ppod¢ amplitudes involving the pomeron-
pomeron fusion to ¢p¢ (PP — ¢¢) through the contin-
uum processes, due to the #- and @-channel reggeized
¢-meson, photon, and odderon exchanges, as well
as through the s-channel resonance reaction (PP —
— f2(2340) — ¢¢) were given there. Here, we discuss
briefly the continuum processes for the pp — ppoo re-
action.

The “Born-level” amplitude for the pp — pppo re-
action is

MBorn — M(f2 —exchange) + M(d)—exchange) +
+M(@7cxchang0)' (1)

For the continuum process with the odderon ex-
change (Fig. 1, ¢), the amplitude is a sum of ¢- and @-
channel amplitudes. The ¢-channel term can be writ-
ten as
M = (=i)a(pr, M)IT TR (1, Pa)u(Pas Aa) X

11
X ZA(P) pavi,enf (813, tl) X

1 (PO R . *
x0T (pe, —ps) (€<¢> Ps()\?))) »

< iA©@) PPz (554 py) x

X iI‘(P
4

P (2;1)(1252 (P4, Dt) <€(¢) p4()\4)> X

X ZA(P) 22 piav (824, tg) X

X u(p2, Az)ifgﬁ) (P2, Pv)u(Py, Mb), (2)

where pgp, p1,2 and Agp, A2 = :l:% denote the four-
momenta and helicities of the protons and p3 4 and
Az4 = 0,%1 denote the four-momenta and helici-
ties of the ¢ mesons, respectively. p; = p, — p1 — P3,
Pu=Pa—Pa +P1, sij = (pi + ;)% t1 = (p1 — pa)?,
ty = (p2 — pp)?. TEPP) and A®) denote the proton
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vertex function and the effective propagator, respec-
tively, for the tensorial pomeron. The corresponding
expressions are as follows [21]:

TEPP) (pf p) = —i3Bpnn Fi(t) x

{5 00 40D 4206 + ] = 908 + D) @)

A (P) 1 1
ZAW/,,@)\(Svt) = & <g;mgu>\ + 9urgGvi — 29/wgn)\> X
x (—isap) DT, (4)

where Bpyn = 1.87 GeV~!. The pomeron trajectory
ap(t) is assumed to be of the standard linear form
(see, e.g., [30]): ap(t) = ap(0)+apt, ap(0) = 1.0808,
ap = 0.25 GeV ™2,

Our ansatz for the effective propagator of the C' =
= —1 odderon is [21]

. N0, . e —
zAff,)i)(s,t) = ~i9uw 2 (—isaly)ee®-1
0

with
My =1GeV, ng ==l (5)
Here, ap(t) = ap(0) + ot and we choose, as an

example, afy = 0.25 GeV~2, ag(0) = 1.05.
For the PO¢ vertex, we use an ansatz with two
rank-four tensor functions [20]:

iF(P©¢)(k/; k) _ ZF(P®¢)((k + k/)Q,kIQ,kQ) %

prRA
x {2 apoy U0, (K k) = beog Ty (K, k)} (6)
We take the factorized form for the PQ¢ form factor:
FEOON (k4 k)%, k2, k%) =
= F((k+k)?) F(k”) FT (k?), (7)

where F(k?) = (1 —k?/A%)~! and FEO9(m2) = 1.
The coupling parameters apge, bpos and the cutoff
parameter A? could be adjusted to the WA102 exper-
imental data [25].

At low /s34 = Mgy, the Regge type of interac-
tion is not realistic and should be switched off. To
achieve this, we multiplied the Q-exchange amplitude
by a purely phenomenological factor: Fip,(s34) = 1—
— exp|(Sthr — $34)/Sthr)] With sgn, = 4m§5.
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Fig. 2. Distributions in the ¢¢ invariant mass. The calcula-
tions were done for /s = 29.1 GeV and |zp ¢e| < 0.2. The
WA102 experimental data from [25] are shown. In the top

panel, the green solid line corresponds to the non-reggeized ¢-
exchange contribution. The results for two prescriptions of the
reggeization, (10) and (12), are shown by the black and blue
lines, respectively. In the bottom panel, we show the com-
plete results including the f2(2340)-resonance contribution and
the continuum processes due to the reggeized-¢, odderon, and
photon exchanges. The black long-dashed line corresponds to
the ¢-exchange contribution and the black dashed line corre-
sponds to the f2(2340) contribution. The red dotted line rep-
resents the odderon-exchange contribution for apgy = 0 and
brop = 1.0 GeV~! in (6)

The amplitude for the process shown in Fig. 1, b
has the same form as the amplitude with the O ex-
change, but we have to make the following replace-
ments:

(P@@ (k/ k) N

MVKA
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Fig. 3. Distributions in My (left) and in Yq;g (right) for the
pp — pp(¢pp — KT K~ K+ K™) reaction calculated for /s =
13 TeV and |ni| < 2.5, ptr,xk > 0.2 GeV. The coherent sum of
all terms is shown by the red and blue solid lines for ng = —1
and ng = +1, respectively. Here, we take ag(0) = 1.05. The
absorption effects are included in the calculations

iAD) (s34,9%) — iALD (). (9)

We have fixed the coupling parameters of the tensor
pomeron to the ¢ meson, based on the HERA exper-
imental data for the yp — ¢p reaction; see [18§].

We should take the reggeization of the intermedi-
ate ¢ meson into account. We consider two prescrip-
tions of the reggeization (only expected to hold in the
|p?|/s34 < 1 regime):

34 ae(p”)—1
AL = AR ) (expliosan) 22 (10)

thr

ISSN 0372-400X. Vxp. ¢is. orcypn. 2019. T. 64, Ne 8



Searching for Odderon in Exclusive Reactions

™ Sthr — S34 s
=5 — R 11
Ploss) 2 P ( Sthr ) 2’ (11)
where Sipy = 4mi. Alternatively, we use
+AL () [1 = F(Yair)] X
34 ag(p?)—1
X (exp(i¢(834)) ) , (12)
Sthr

where F(Yaig) = exp (—cy|Yain|). Here, cy is an un-
known parameter which measures, how rapidly one
approaches the Regge regime. This gives the proper
Regge behavior for sgq — 4m?b > 1 GeV?; whereas,
for smaller s34, we have the mesonic behavior. We
take ag(p®) = ag(0) + ol p*, ag(0) = 0.1 [31], and
al, =0.9 GeV 2

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

Mpp%pp(b(ﬁ _ MBorn +Mabsorptlon7

absorption _

M PHOR (s, D1t Pay) =
)

8m2s

/ kg MP (5, By, o) M (5, —k2), (13)

where D, = py; — ki and Py, = Doy + ki ./\/lg) is the
elastic pp-scattering amplitude with the momentum
transfer t = —k?.

3. Results
It is very difficult to describe the WA102 data for the
pp — ppp¢ reaction including resonances and the ¢-
exchange mechanism only [20]. Inclusion of the odd-
eron exchange improves the description of the WA102
data [25]. The result of our analysis is shown in Fig. 2.
Having fixed the parameters of our quasifit to the
WA102 data, we wish to show our predictions for
the LHC. In Fig. 3, we show the results for the AT-
LAS experimental conditions (|nx| < 2.5, pix >
> 0.2 GeV). The distribution in the four-kaon invari-
ant mass is shown in the top panel, and the differ-
ence in rapidities between the two ¢ mesons in the
bottom panel. The small intercept of the ¢-reggeon
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exchange, a4(0) = 0.1, makes the ¢-exchange con-
tribution steeply falling with increasing Myx and
[Yaifr|- Therefore, an odderon with an intercept ag(0)
around 1.0 should be clearly visible in the region of
large four-kaon invariant masses and for large rapidity
distance between the ¢ mesons.

4. Conclusions

By confronting our model results, including the odd-
eron, the reggeized ¢ exchange, and the f2(2340)
resonance exchange contributions, with the WA102
data from [25], we derived an upper limit for the
PQO¢ coupling. advantage of this process for experi-
mental studies is the following. With regard for the
typical kinematic cuts for LHC experiments in the
pp — ppopp — ppKTK~KTK™ reaction, we have
found that the odderon exchange contribution should
be distinguishable from other contributions for a large
rapidity distance between the outgoing ¢ mesons and
in the region of large four-kaon invariant masses. At
least, it should be possible to derive an upper limit
on the odderon contribution in this reaction.

Our results can be summarized in the following
way:

e CEP is a particularly interesting class of pro-
cesses which provides insight to the unexplored soft
QCD phenomena. The fully differential studies of the
exclusive pp — ppo¢ reaction within the tensor-
pomeron and vector-odderon approaches were exe-
cuted; for more details, see [20].

¢ Integrated cross-sections of order of a few nb are
obtained, including the experimental cuts relevant for
the LHC experiments. The distribution in the rapid-
ity difference of both ¢-mesons could shed light on
the f5(2340) — ¢¢ coupling, not known at present.
Here, we used only one type of PPf; coupling (out
of 7 possible; see [14]). We have checked that, for
the distributions studied here, the choice of PPf,
coupling is not important. This is a different situ-
ation compared to the one observed by us for the
pp — pp(PP — f2(1270) — 7+ 7~) reaction [14].

¢ From our model, we have found that the odderon-
exchange contribution should be distinguishable from
other contributions for a relatively large rapidity sep-
aration between the ¢ mesons.

Hence, to study this type of mechanism, one should
investigate events with rather large four-kaon invari-
ant masses, outside of the region of resonances. These
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events are then “three-gap events” proton—gap—¢—
gap—¢—gap—proton. Experimentally, this should be a
clear signature.

e Clearly, an experimental study of CEP of a ¢-
meson pair should be very valuable for clarifying the
status of the odderon. At least, it should be possible
to derive an upper limit on the odderon contribution
to this reaction.
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supported by the Polish Scientific Center of the PAS
in Kiev.
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I1. JIe6edosun,

IIOIIYKU OAJEPOHA
B EKCKJIFOBVMBHUX PEAKIIIAX

Peszowme

OBroBOpIOEMO MOKJIUBICTB KOPHUCTYBATHCS IIPOLECOM PP —
— ppp¢ nnsa inentudikaril odMiny oxneponoM. o mporo ga-
Cy HEMAa€ OJIHO3HAYHOI'O €KCIIEPUMEHTAIBHOIO JIOKA3y iICHYBaH-
HsI OJJIEPOHA — IapTHEPa IIOMEPOHAa 3 HEraTUBHUM 3apsJ0BUM
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crupsizkenasiM, C' = —1. Munysiopiuni pesynbraru Komabopa-
il TOTEM BkasyooTh Ha Te, IO OJJEPOH MOXKE CIIPUYUHS-
TH PO30IXKHICTL MiXK TEOPETUIHUMH PO3PAXyHKAMH Ta JAHU-
vy TOTEM nipo npy»kHe po3cissHHs IPOTOHIB. Mu Ipe3eHTye-
MO HOBI pe3yJIbTaTH JOCJIPKEHb I[EHTPAJIBHOIO €KCKJIIO3UBHO-
ro napomkenus (CEP) nap ¢¢ B nporonnux sitkaenusax. Mu
pasrisinaemo dysio nmomeponis y ¢p¢ (PP — ¢¢) depe3 KoH-
THHYYM 3aBIAKH OOMIHY B i- i {i-KaHAJAX DEI?KE30BAHOTO -
Me30Ha, (POTOHA Ta OJAEPOHA, & TAKOXK PE30HAHCHOT'O IIPOIECY
B s-kanaqi (PP — f2(2340) — ¢¢). HacTurka f2 € KaHAEIATOM
Ha TEH30PHUI II000J. AMILTITY A TIpolecy (POPMYIIOETHC B
paMKax MiJXOy, e IIOMEPOH € TEH30pPOM, & OJIIEPOH € BEKTO-
pom. [lesiki 3 mapaMeTpiB MOJie/li BUSHAYAIOTHCA 3 ITOPIBHAHHS
3 ekcriepuMeHTa g bHUMU ganumMu WA102. Jani WA102 ue Bu-
KJIIOYAOTh OOMIH OIZEPOHOM JJIsl BEJIMKHUX IHBApPIaHTHUX Mac
¢¢. Curnan 3 BenmukuMu 3HadeHHAMEH Mgy abo Ygig na LHC
Oy/le TaAKIM YMHOM BKa3yBaTH Ha IPUCYTHICTbH OOMIHY OIepo-
aoM. Ileit mporec npuBabIUBHIL Ile TUM, 110 B HBOMY O/IJIEPOH
He IPUB’sA3YETHCS IO IPOTOHA.
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