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We explore the possibility of observing odderon exchange in the pp — ppK+*K~ and pp — ppu*tu~
reactions at the LHC. We consider the central exclusive production (CEP) of the ¢(1020) resonance
decaying into K™K~ and u*u~. We compare the purely diffractive contribution (odderon-Pomeron fusion)
to the photoproduction contribution (photon-Pomeron fusion). The theoretical results are calculated within
the tensor-Pomeron and vector-odderon model for soft reactions. We include absorptive corrections at the
amplitude level. In order to fix the coupling constants for the photon-Pomeron fusion contribution we
discuss the reactions yp — @wp and yp — ¢p including ¢-» mixing. We compare our results for these
reactions with the available data, especially those from HERA. Our coupling constants for the Pomeron-
odderon-¢ vertex are taken from an analysis of the WA102 data for the pp — pp¢ reaction. We show that
the odderon-exchange contribution significantly improves the description of the pp azimuthal correlations
and the dP, “glueball-filter variable” dependence of ¢» CEP measured by WA102. To describe the low-
energy data more accurately we consider also subleading processes with Reggeized vector-meson
exchanges. However, they do not play a significant role at the LHC. We present predictions for two
possible types of measurements: at midrapidity and with forward measurement of protons (relevant for
ATLAS-ALFA or CMS-TOTEM), and at forward rapidities and without measurement of protons (relevant
for LHCb). We discuss the influence of experimental cuts on the integrated cross sections and on various
differential distributions. With the corresponding LHC data one should be able to get a decisive answer

concerning the presence of an odderon-Pomeron fusion contribution in single ¢ CEP.
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I. INTRODUCTION

So far there is no unambiguous experimental evidence for
the odderon (O), the charge conjugation C = —1 counterpart
of the C = 41 Pomeron (P), introduced on theoretical
grounds in [1,2] and predicted in QCD as the exchange
of a colorless C-odd three-gluon compound state [3-7]. A
hint of the odderon was seen in Intersecting Storage Rings
results [8] 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. The interpretation of this difference is,
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however, complicated due to non-negligible contribu-
tions from secondary Reggeons. Recently the TOTEM
Collaboration has published data from high-energy elastic
proton-proton scattering experiments at the LHC. In [9]
results were given for the p parameter, the ratio of real to
imaginary part of the forward scattering amplitude. This is a
measurement at # = 0. In [10] the differential cross section
do/dt was measured for 0.36GeV? < |t <0.74GeV>. The
interpretation of these results is controversial at the moment.
Some authors claim for instance that the p measurements
show that there must be an odderon effect at t = 0 [11,12].
But other authors find that no odderon contribution is needed
att = 0[13-17]. For a general analysis of pp and p p elastic
scattering see, e.g., [18,19].

As was discussed in [20] 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. The photoproduction
mechanism (i.e., Pomeron-photon fusion) constitutes a
background for Pomeron-odderon exchanges in these
reactions. Other sources of background involve secondary
Reggeon exchanges, for instance Pomeron-(¢pp Reggeon)

Published by the American Physical Society
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exchanges. Exclusive production of heavy vector mesons,
J/w and Y, from the Pomeron-odderon and the Pomeron-
photon fusion in the pQCD k;-factorization approach was
discussed in [21]. The exclusive pp — pp¢ reaction via
the (pQCD-Pomeron)-photon fusion in the high-energy
corner was studied in [22]; see also [23] for the exclusive
photoproduction of charmonia J/y and ' and [24] for the
exclusive @ production.

A possible probe of the odderon is photoproduction of
C = +1 mesons [25,26]. At sufficiently high energies only
odderon and photon exchange contribute to these reactions.
Photoproduction of the pseudoscalars °, n, ', ., and of
the tensor f,(1270) in ep scattering at high energies was
discussed in [27-31]. For exclusive 7. photoproduction
within the high-energy framework of eikonal dipole scat-
tering see [32]. In [33,34] a probe of the perturbative
odderon in the quasidiffractive process y*y* — 5.1, was
studied.

Another interesting possibility is to study the charge
asymmetry caused by the interference between Pomeron
and odderon exchange. This was discussed in diffractive c¢
pair photoproduction [35], in diffractive zz~ pair photo-
production [36—39], and in the production of two pion pairs
in photon-photon collisions [40]. However, so far in no one
of the exclusive reactions a clear identification of the
odderon was found experimentally. For a more detailed
review of the phenomenological and theoretical status of
the odderon we refer the reader to [41,42]. In this context
we would also like to mention the EMMI workshop on
“Central exclusive production at the LHC” which was held
in Heidelberg in February 2019. There, questions of odd-
eron searches were extensively discussed. Corresponding
remarks and the link to the talks presented at this workshop
can be found in [43].

Recently, the possibility of probing the odderon in
ultraperipheral proton-ion collisions was considered
[44,45]. In [46] the measurement of the exclusive 7,
production in nuclear collisions was discussed. The sit-
uation of the odderon in this context is also not obvious and
requires further studies.

In [47] the tensor-Pomeron and vector-odderon concept
was introduced for soft reactions. In this approach, the C =
+1 Pomeron and the Reggeons R, = f)r, asr are treated
as effective rank-2 symmetric tensor exchanges while the
C = -1 odderon and the Reggeons R_ = wp,pr are
treated as effective vector exchanges. For these effective
exchanges a number of propagators and vertices, 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. In
[48] 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 [49]. In [50]

the authors, using combinations of two tensor-type
Pomerons (a soft one and a hard one) and the R,-
Reggeon exchange, successfully described low-x deep-
inelastic lepton-nucleon scattering and photoproduction.

Applications of the tensor-Pomeron and vector-odderon
ansatz were given for photoproduction of pion pairs in [39]
and for a number of central-exclusive-production (CEP)
reactions in proton-proton collisions in [51-59]. Also
contributions from the subleading exchanges, R, and
R_, were discussed in these works. As an example, for
the pp — pppp reaction [56] the contributions involving
the odderon are expected to be small since its coupling
to the proton is very small. We have predicted asymmetries
in the (pseudo)rapidity distributions of the centrally pro-
duced 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 for the odderon only very small effects,
roughly a factor 10 smaller than the effects due to
Reggeons.

In this paper we consider the possibility of observing
odderon exchange in the pp — ppo, pp — pp(d —
K*tK™), and pp - pp(¢p = uTpu~) reactions in the light
of our recent analysis of the pp — pp@¢ reaction [58]. In
the diffractive production of ¢ meson pairs it is possible to
have Pomeron-Pomeron fusion with intermediate 7/ii-
channel odderon exchange. Thus, the pp — pp¢d¢ reac-
tion is a good candidate for the odderon-exchange searches,
as it does not involve the coupling of the odderon to the
proton. By confronting our model results, including the
odderon, the Reggeized ¢ exchange, and the f,(2340)
resonance exchange contributions, with the WA102 data
from [60] we derived an upper limit for the PO¢ coupling.
Taking into account typical kinematic cuts for LHC experi-
ments in the pp — pppp - ppKT K~ K+ K™~ 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. At least, it
should be possible to derive an upper limit on the odderon
contribution in this reaction.

Here we will try to understand the pp — p p¢ reaction at
relatively low center-of-mass energy /s = 29.1 GeV by
comparing our model results with the WA 102 experimental
data from [61]. We shall calculate the photoproduction
mechanism. For this purpose we have to consider also low-
energy photon-proton collisions in the yp — ¢p reaction
where the corresponding mechanism is not well established
yet; see, e.g., Refs. [62-71]. Of course, the amplitude
for yp — ¢ p cannot be realized by the C = —1 odderon
exchange. In addition to the y-P-fusion processes we
shall estimate also subleading contributions, e.g., the
y-pseudoscalar-meson fusion, the ¢-P fusion, the w-P
fusion, the w-f,g fusion, and the p-z° fusion, to determine
their role in the pp — pp¢ reaction. Our aim is to see how

094012-2



SEARCHING FOR THE ODDERON IN pp — ppK*K~

PHYS. REV. D 101, 094012 (2020)

much room is left for the O-P fusion which is the main
object of our studies.

Our paper is organized as follows. In Sec. II we consider
the pp — pp(¢ — K" K™) reaction. Section III deals with
wtp~ production. For both reactions we give analytic
expressions for the resonant amplitudes. Section IV con-
tains the comparison of our results for the pp — pp¢
reaction with the WA102 data. We discuss the role of
different contributions such as y-P, O-P, ¢-P, o-P, and
w-fop fusion processes. Then we turn to high energies and
show numerical results for total and differential cross
sections calculated with typical experimental cuts for the
LHC experiments. We discuss our predictions for the
K"K~ channel for /s = 13 TeV. In addition, we present
our predictions for the u*u~ production also at /s =
13 TeV which is currently under analysis by the LHCb
Collaboration. We briefly discuss and/or provide references
to relevant works for the continuum contributions.
Section V presents our conclusions and further prospects.
In Appendices A and B we discuss useful relations and
properties concerning the photoproduction of @ and ¢
mesons. In the Appendix C we discuss the subleading
processes contributing to pp — pp(¢ - K"K~). We have
collected there some useful formulas concerning details of
the calculations. In Appendix D we give the definition of
the Collins-Soper (CS) frame used in our paper.

In our paper we denote by e > 0 the proton charge. We
use the y-matrix conventions of Bjorken and Drell [72]. The
totally antisymmetric Levi-Civita symbol ¢, is used with
the normalization gy;53 = 1.

II. THE pp — pp¢p — ppK* K~ REACTION

Here we discuss the reaction

p(puvlla) +p(ph’ih) - p(pl’/ll) +K+(p3)

+ K~ (ps) + p(p2.42),  (2.1)

where p,;, pi1a and A,p.A1, =3 denote the four-
momenta and helicities of the protons and p;4 denote
the four-momenta of the K mesons, respectively.

The full amplitude of the reaction (2.1) is a sum of
the continuum amplitude and the amplitudes through the
s-channel resonances as was discussed in detail in [57].
Here we focus on the limited dikaon invariant mass region,
i.e., the ¢p = ¢(1020) resonance region,

1.01 GeV < My x- < 1.03 GeV. (2.2)

That is, we consider the reaction

P(ParAa) + PPy Ap) = P(P1: A1)
+ [@(p3s) = K (p3) + K~ (pa)]
+ p(p2. 4). (2.3)

P (pa) p(p1) »(pa) p(p1)
\?/ P s L K*(ps)
9] K*(ps) - a0
Ve s Ps Ly ~ K™ (pa)
- -«
%\\A’ (p.‘)
P(m) p(p2) P (m) P(p2)

(@) (b)

FIG. 1. The Born-level diagrams for central exclusive ¢-meson
photoproduction in proton-proton collisions with the subsequent
decay ¢ —» KTK™: (a) photon-Pomeron fusion; (b) Pomeron-
photon fusion.

The kinematic variables are

D34 = D3+ Da, q1 = Pa — P1s q> = Pp — P2:
s = (pa+ Pp)* = (p1 + P2+ P3a)?,
= CI%, I = q%,

s1 = (p1 + pu)* 52 = (p2+ paa). (2.4)

For high energies and central ¢ production we expect the
process (2.3) to be dominated by diffractive scattering. The
corresponding diagrams are shown in Figs. 1 and 2. That is,
we consider the fusion processes yP — ¢ and OP — ¢.
For the first process all couplings are, in essence, known.
For the odderon-exchange process we shall use the ansitze
from [47] and we shall try to get information on the
odderon parameters and couplings from the reaction (2.3).
The amplitude for (2.3) gets the following contributions
from these diagrams

(1) Af@—KTK") (yP) ®y)

MPP—’PPKJrK* - Mpp—»ppK*K* +Mpp—>ppK+K” (25)
(2) A (@=K*K") 4 4(OP) (PO)

pp—ppKTK~ T Mpp—»pp[(*l(‘ + Mpp—>ppl(+l(“ (26)

At the relatively low center-of-mass energy of the
WA102 experiment, /s = 29.1 GeV, we have to include
also subleading contributions with meson exchanges dis-
cussed in Appendix C.

To give the full physical amplitude, for instance, for
the pp — ppKTK~ process (2.1) we should include

P (pa) p(p) P (pa) p(p1)

P (p) p(p2) p(p) p(p2)

(a) (b)

FIG. 2. The Born-level diagrams for diffractive production of a
¢ meson decaying to K™K~ in proton-proton collisions with
odderon exchange: (a) odderon-Pomeron fusion; (b) Pomeron-
odderon fusion.
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absorptive corrections to the Born amplitudes. For the
details how to include the p p-rescattering corrections in the
eikonal approximation for the four-body reaction see, e.g.,
Sec. 3.3 of [52,73].

Below, in Table II of Sec. IV B, we give numerical values
for the gap survival factors (“soft survival probability”
factors) denoted as (S?), the ratios of full (including
absorption) and Born cross sections.

The measurement of forward protons would be useful
to better understand absorption effects. The GENEX

|

M(7P>

pp—ppKTK~

« AP,

Monte Carlo generator [74,75] could be used in this
context. We refer the reader to [76] where a first cal-
culation of four-pion continuum production in the pp —
pprta xTr~ reaction with the help of the GENEX code
was performed.

A. y-P fusion

The Born-level amplitude for the y-[ exchange, see
diagram (a) in Fig. 1, reads

= (=0)a(py. 2)iT"" (p1. pa)u(Pas 2)
x i (g )iTG™ " (q,)in @1 (q )T ) (pag. q1)in @)= (ps
2)i(pas lz)ir‘((su;pp

)ZFK (P37 P4)

(P2 Po)u(pys ). (2.7)

The ypp vertex and the photon propagator are given in [47] by formulas (3.26) and (3.1), respectively. The y — ¢

transition is made here through the vector-meson-dominance (VMD) model; see (3.23)—(3.25) of [47]. AP

and F(PPP)

denote the effective propagator and proton vertex function, respectively, for the tensorial Pomeron. The corresponding

expressions, as given in Sec. 3 of [47], are as follows

1 1 . )
lAL,_)/d( ) 4_S <glm<gyj, + gﬂﬂgw( - E'gﬂ’/g’d> (_lsaﬁm)(lp(t) 1’

1 1
0, 0) = =i3oun A 31+ D) 10+ D)1= a0

where = (p' — p)? and Ppyy = 1.87 GeV~!. For sim-
plicity we use for the Pomeron-nucleon coupling the
electromagnetic Dirac form factor F;(7) of the proton.
The Pomeron trajectory ap(?) is assumed to be of standard
linear form, see, e.g., [77,78],

(0) + apt,

ap(t) = ap (2.10)

ap(0) = 1.0808, ap = 0.25 GeV~2. (2.11)

Our ansatz for the P¢¢ vertex follows the one for the
Ppp in (3.47) of [47] with the replacements ap,, — dpgy
and bp,, = bpy,. This was already used in Sec. IV B of
[57]. The P¢¢ vertex function is taken with the same
Lorentz structure as for the f,yy coupling defined in (3.39)
of [47]. With k/, u and k, v the momentum and vector index
of the outgoing and incoming ¢, respectively, and k1 the
Pomeron indices the P¢¢ vertex reads

TEOP (K k) = iFy (K = k)?)F@ (K2) FD (k2)
[Zawzﬁr,(m(k —k) — bpyy p(wzd(k/ —k)],
(2.12)

(2.8)

(2.9)

with form factors F,, and F®) and two rank-four tensor
functions,

;(w)ld(kh ky) = [(ky - k2) g,

1
kickoy + kocky, — 5 (ky - k2) Gz |

- kZ;tklu]

(2.13)
2
Fiw);c/l(kl s k2) = (kl : k2)(g/u<gu/1 + g;ulgwc)
+ g (kickoy + kockiy) = kiykoyGpu
- klykZKg/M - kZﬂklﬁgbK - k2/4kll<gt//1
- [(kl : kZ)g/w - kZ,uklu]gld' (214)

For details see Egs. (3.18)—(3.22) of [47]. In (2.12) the
coupling parameters apy, and bp,, have dimensions
GeV~3 and GeV~!, respectively. In [57] we have fixed
the coupling parameters of the tensor Pomeron to the ¢
meson based on the HERA experimental data for the yp —
¢ p reaction [79,80]. However, the ®-¢ mixing effect was
not taken into account there. In the calculation here we
include the w-¢ mixing and we take the coupling param-
eters found in Appendix B.
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The full form of the vector-meson propagator is given by
(3.2) of [47]. Using the properties of the tensorial functions
(2.13) and (2.14), see (3.18)—(3.22) of [47], we can make
for the ¢»-meson propagator the following replacement

A (k) = =g, AP (K2), (2.15)

where we take the simple Breit-Wigner expression, as
discussed in [57],

1
s = my 4 i/sTy(s)’

s —4m3 \ 32 m;
K> T¢9(s—4m%<).

AW (5) = (2.16)

T,(s) = F¢< (2.17)

mé —4dm%
For the ¢ KK vertex we have from (4.24)—(4.26) of [57]

. (PKK i
1F1<<¢ )(P3, p4) = ——9¢K+k-(l?3 - P4)KF(¢KK)(I’%4)

2
(2.18)

with gyx+x- = 8.92 and F?KK) a form factor.

In the hadronic vertices we take into account corre-
sponding form factors. We insert in the Pg¢ vertex (2.12)
the form factor F;(k?) to take into account the extended
|

nature of ¢ mesons and F(?) (k?) since we are dealing with
two off-shell ¢ mesons; see (4.27) of [57] and (B.85) of
[39]. Convenient forms are

1
Fy(k®) = ——55—. 2.19
. k2(k2_m2) —fy
F@ (k) = [1 +T¢] ,
Ap=2GeV,  ii,=05. (2.20)

We have F#(0)=F?(m;)=1. In (2.19) we take
A&PM = 1.0 GeV? (set A) or A(%QPM, = 4.0 GeV? (set B);
see Fig. 31 of Appendix B. In practical calculations we

include also in the KK vertex the form factor [see (4.28)
of [57]]

~ = m)?

FKE) (j2) = exp( :
Ay

>1 A¢ =1 GeV.
(2.21)

Inserting all this in (2.7) we can write the amplitude for
the yP fusion as follows

P . - o l QU
MgplppKw- = —ie*i(py, A1) |y"F (1)) +ﬁ0' “(p1 = Pa)wFa(tr) | u(pas Aa)

1 (-m3) 1
L Em) 1)

9ok K-
0 AP (p3) P (py — pa)PFORR) (p3)

T 34

tty —my vy

0 2 ~ ~
X [2aum¢¢r};a>d(1’34’ —-q1) — bﬂj’(/)(/)r‘})’a)ml(pSM —q)IF ) (1) F D (p3,) Fy(12)

1

X (—isyap )21 3Bpnn F (1) i(pa. A2) Y (P2 + pu) Ju(py. Ap).-

$2

(2.22)

Here y, is the y-¢ coupling constant; see (3.23)—(3.25) of [47].
For the Py-exchange we have the same structure as for the above amplitude with

(P(Par2a)s P(P1, 1)) < (P(Pbs ) P(P2,42)),

t <> 1y, (223)

q1 <> 42, S <> 8.

In the following we shall also consider the single ¢» CEP in pp collisions

P(Parta) + PPy ) = P(P1 A1) + d(P3s€1p)) + P(P2s A2)-

(2.24)

In (2.24) €(4) denotes the polarization vector of the ¢ and we have p§4 = m; The amplitude for the yP-fusion contribution
to the reaction (2.24) is obtained from (2.7) by making the replacement

il 2K(P34)iri<<¢KK)

(P3.P4) = €045 (2.25)

The same replacement holds for the Py-fusion contribution. Analogous replacements hold for all other diagrams when

going from the reaction (2.3) to (2.24).
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B. O-P fusion

The amplitude for the diffractive production of the
$(1020) via odderon-Pomeron fusion, see diagram (a) in
Fig. 2, can be written as

(oP)
pp—ppK* K~

= (=i)i(p1, )L (pr. Pt (Pas A
x iAOkri (g, tl)ir/(,ﬂ?,%/);(—fh, P3a)
X iA((/’)”2"(p34)iF;(<¢KK)(P3’ P4)
< AN (5. 1)i(py. 1) T (pa. po)u(py. Ay)-
(2.26)

Our ansatz for the C = —1 odderon follows (3.16),
(3.17) and (3.68), (3.69) of [47]:

o
M3

()

i (5.1) = —ig,, ~> (—isap)®W=1 (227)

(0 .
TP (p', p) = =i3BopyMoF 1 ((p' = p)2)r,s  (2.28)

(POg)

where 77 is a parameter with value g = £1; My = 1 GeV
is inserted for dimensional reasons; ag(¢) is the odderon
trajectory, assumed to be linear in #:

ag(1) = ag(0) + agt. (2.29)
The odderon parameters are not yet known from experi-
ment. In our calculations we shall choose as default values

ag(0) = 1.05,

ay =025 GeV=2  (2.30)

The coupling of the odderon to the proton, fg,,, in (2.28)
has dimension GeV~!. For our study here we shall assume

ﬂ@ =0.1 ﬂ[FDNN ~0.18 GeV_l, 2.31
pp

which is not excluded by the data of small-¢ proton-proton
high-energy elastic scattering from the TOTEM experi-
ment [9,10].

For the PO¢ vertex we use an ansatz analogous to the
P vertex; see (3.48)—(3.50) of [58]. We get then with
(=q1,p1) and (p34, p,) the outgoing oriented momenta and
the vector indices of the odderon and the ¢ meson,
respectively, and aff the Pomeron indices,

. . 0 2
lrplpzaﬂ(_QI7 P3a) = l[zaﬂj’@qbrf;lz)zaﬂ(_QIv Paa) = bP@zﬁl—f;l)pﬂﬁ(_QI?pM)]
x FPO((pas — q1)% 43, p3a)
. 0 2
= l[zap@¢r,()22,la/;(P34» —-q1) — bP@z/)F/()zZ;]aﬁ(p?aéb -q1)]

X F(P@lﬁ)(q%’ q%’ p%4) (232)

Here we use the relations (3.20) of [47] and as in (3.49) of [58] we take the factorized form for the PO¢ form factor

FCO (3., 1) = Fulad) P () P (1) (233)

with the form factors F(¢?) as in (2.19)," but with A}, replaced by A3y, and F@W)(p3,) = FUKO(p2) (221),
respectively. The coupling parameters apgy, bpgy in (2.32) and the cutoff parameter A%.P@cﬁ in the form factor F;(q%)

(2.33) could be adjusted to experimental data; see (4.5)—(4.7) in Sec. IVA below.
The amplitude for the OP fusion can now be written as

0 . _ o
M;pﬂ:.;zppk+k— = _l3ﬂ®ppM0Fl(t1)u(plv/11)y u(pavla>
n . oo (1) — 9ok K-

x o (=isialp) (07 AP () FEE (ps = pu) FURE) ()

0

0 2
x [Zap®¢rf(;a>m1(1734, —-q1) — bp@(prﬁu(mm —41)}F(P®¢)<CI%7 qi, P§4)
1

X —— (=isyap)® 271300 F i (1)d(pa. 1) [r* (P2 + po)lu(pp. Ap).

T (2.34)

For the PO-exchange we have the same structure as for the above amplitude with the replacements (2.23).

'Here we assume that F w(q?) and Fy;(¢3) have the same form (2.19) with the same A}po » parameter. In principle, we could take
different form factors with different A} parameters.
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wr (]93)
¢ (p34) ol

1 (pa)

FIG. 3. Decay of a ¢ meson to p*yu~.

III. THE pp — pp¢p — ppp*u~ REACTION

In this section we will focus on the exclusive reaction

P(Pasda) + P(Pp.4p) = P(P1. A1) + @(P3a) + P(P2.42)
= p(pi,4) + 4 (p3. 43)

+ 1™ (pasda) + P(P2d2),  (3.1)
where p,p, pio and A,,,415 = +3 denote the four-
momenta and helicities of the protons and p;4 and 434 =
i% denote the four-momenta and helicities of the muons,
respectively.

The amplitudes for the reaction (3.1) through ¢ reso-
nance production can be obtained from the amplitudes
discussed in Sec. II with iF,(<¢KK)(P3,p4) replaced by

ﬁ(p4,/14)il“,(<’/’””)(p3, p4)v(p3,A3). Here we describe the
transition ¢ — y — u"u~, see Fig. 3, by an effective vertex

T (p3, ps) = iy v (3.2)
The standard ¢-y coupling (see, e.g., (3.23), (3.24) of
[47]) gives

40 — ————
| pp — pp $(1020) — Yy-IP (set A) ]|
L {s=29.1 GeV —— v-IP (set B) |
L Y‘M i
—~ 30% M=n"mn ]
e}

5 r i
& i + i
o L i
z 201 -
et + ]
o] L i
O7""””’?"‘"?“""T""T """" L "f“’i

0 50 100 150

1
Ity = —e’—,

vy < 0.
i ’

(3.3)

The decay rate ¢p — utu~ is calculated from the diagram
Fig. 3 (neglecting radiative corrections) as

_ 1
F(¢ - ﬂ+:u ) = E |g¢—>ﬂ+/f |2m¢

X (1 +2—n;’2’> <1 —4—mj’>]/2. (3.4)
My My
From the experimental values [81]
my = (1019.461 £ 0.016) MeV,
(¢ — utpu™)/T, = (2.86 £0.19) x 1074,
I, = (4249 £0.013) MeV, (3.3)
we get
(¢ — ptu) = (1.214+0.08) x 107> MeV (3.6)
and using (3.4)
Gpu - = (671 £0.22) x 1073, (3.7)

On the other hand, using (3.3) directly with the standard
range for y, quoted in (3.24) of [47], 47z/y§) =0.0716 £
0.0017, we get

Gpura- = (692 £ 0.08) x 1072 3.8
bu

10 —— —
| pp — pp $(1020) —— y-IP(set A) |
L {s=29.1 GeV —— v-IP (set B)
& v-M .
I M=n'n |
= - i
E 6F _
s L i

>
g N i
S L i
S 4} _
2 — —
L ! L Lo ! ]
0 -2 0 2
y

FIG.4. The distributions in ¢, and in y,, for the ¢ photoproduction processes in the pp — pp¢ reaction at /s = 29.1 GeV. The data
points have been normalized to the central value for 6., (4.1) from [61]. The results for the photon-Pomeron fusion are presented for the
two parameter sets, set A and set B, as defined in Appendix B, see the caption of Fig. 31, (the bottom and top solid lines, respectively).
We also show the contribution from the y-M (M = z°,#) fusion (the dashed lines). The absorption effects are included here.

094012-7



LEBIEDOWICZ, NACHTMANN, and SZCZUREK

PHYS. REV. D 101, 094012 (2020)

Within the errors the two values obtained in (3.7) and (3.8)
are compatible. In the following we shall take (3.8) for our
calculations.

IV. RESULTS

In this section we wish to present first results for three
cases pp — pp$(1020), and with ¢ decaying to K™K~ or
utu, corresponding to the processes discussed in Secs. IT
and IIl. For details how to calculate the subleading
processes contributing to pp — pp(¢p - KTK~) we refer
the reader to Appendix C.

40 T T T ‘ T T T T T T I
[ pp—pp §(1020)  —— v-IP ]
L {s§=29.1Gev  ~T°°° O-IP i
e Ok i
30 - T ¢IR'OIP —
—e— . P ]
~ I total 4
@ 3 approach II
& 20k ‘F ]
<) L |
© A
st |
10 =
0 o] oo - el ]

0 50 100 150
¢, (deg)

40 T —
[ pp —pp ¢(1020) —— vIP 1
L s=29.1GeV T o-IP ]
L o-f |
i - i
c) L |
8: - .
= - _]
) I ]
© L |
‘U o .

FIG. 5.

A. Comparison with the WA102 data
The ¢-meson production in central proton-proton colli-
sions was studied by the WA102 Collaboration at
/s =29.1 GeV. The experimental cross section quoted
in Table 1 of [61] is
Oexp = (60 £ 21) nb. (4.1)
In [61] also the dP, dependence of ¢ production and

the distribution in ¢,, were presented. Here dP; is the
“glueball-filter variable” [82,83] defined as:

120 71— N 1

F pp o pp ¢(1020)  —— P ]

i [ ,,-1P R

100 | Vg =291Gev. 7 (l):i-fz IR ]
o JCr
> s fota 7
8 80 - —— total ]
© - approach II |
2 i ]
= 60 R
[~ i :
3 [ ]
3 g N
B 40 i 1
[ I ]
20 | :

R ]
0 0.5 1 13

dP, (GeV)
— T r T

[ pp — pp 0(1020) i ]

L PP PR RLURS o-IP ]

150 b $=29.1GeV T o-f, » n

_ i e GIP ]
LA\ .
Q L total 1

g . approach I
< i
5 1
s 1
g 1
© 50 }
ol

dP, (GeV)

Distributions in proton-proton relative azimuthal angle ¢, (left panels) and in dP; (4.2), the “glueball filter” variable (right

panels), for the pp — pp¢ reaction at /s = 29.1 GeV. The data points have been normalized to the central value of the total cross
section (4.1) from [61]. The results for the fusion processes y-P (the two blue solid lines), @-P (the black dashed line), w-f,r (the black
dotted line), ¢-P (the green dash-dotted line), and p-7° (the violet dotted line) are presented. In the top panels the w-P, ¢-P and o-fp
exchanges are treated, respectively, as Reggeon-Pomeron and Reggeon-Reggeon exchanges (approach II) while in the bottom panels
these contributions are calculated in the Reggeized-vector-meson approach (C24) (approach I). The coherent sum of these contributions
is shown by the two black solid lines. The lower blue and black solid lines are for the parameter set A (B8) and the upper lines are for the
parameter set B (B9) in the calculation of the y-P fusion contribution. The absorption effects are included here.
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= | B JCTH
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g 20¢ | = 60 ]
S 0 1 2 f ]
I 1 T 40f -
L | >y i i
10— = © C ]
20 .
O O TP T ok J
0 0.5 1 1.5
(b) ¢,, (deg) dP, (GeV)
40 —— — ——— ——
[ pp—pp §(1020) —— g“’ | [ pp —pp ¢(1020) —— Z)-IP 1
- —— O-IP F oo —— OIP .
i Vs =29.1 GeV 1 150 - (s=29.1Gev  —— oIp B
B ] < L £ i
R E 1 E | o ((;-I lg R |
=) L E = - -0 1
= S L p- i
~. i h £ —— total
o~ I 1 ~ 100 approach I |
] N 1 5 ]
R 1 = |
L f [
| i o
0 [ L ! ] ’ B - ~EH |
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(© ¢,, (deg) dP, (GeV)

FIG.6. The ¢,, (left panels) and dP, (right panels) distributions for the pp — pp¢ reaction at /s = 29.1 GeV. The data points have
been normalized to the central value of the total cross section (4.1) from [61]. The meaning of the lines is the same as in Fig. 5 but here
we added the O-P fusion term (see the red long-dashed line). The results shown in panels (a) and (b) correspond to the approach II and
the PO¢ parameters in (4.5) and (4.6), respectively. The results shown in panel (c) correspond to the approach I and (4.7). The coherent
sum of all contributions is shown by the black solid lines. The lower line is for the parameter set A of photoproduction (B8) and the
upper line is for set B (B9). The absorption effects are included here.
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FIG. 7.

L pp — pp ¢(1020)
- {s=29.1 GeV

T
— vy-IP
—— O-IP
o-IP
o-f, g
- ¢-IP
0
total

approach I

T
— v-IP
—— O-IP
o-IP
o-f

2 1R

approach I

pp — pp¢ reaction at /s = 29.1 GeV. The meaning of the lines is the same as in Fig. 6.

AP, = q;1 — qi2 = Pt2 — Pra1s

and ¢, is the azimuthal angle between the transverse
momentum Vectors p, ;, p;, of the outgoing protons. Both

TABLE L.

dPt - |dPt|,

(4.2)

1.5

Distributions in rapidity of the ¢» meson (top panels) and in transverse momentum of the ¢ meson (bottom panels) for the

variables, dP and ¢, ,, are defined in the p p center-of-mass

frame. For the kinematics see, e.g., Appendix D of [51].

In Fig. 4 (left panel) we compare our theoretical pre-
dictions for the ¢, distribution to the WA102 experimental

Results of central ¢ production as a function of dP, expressed as a percentage of its total contribution at

the WA 102 collision energy /s = 29.1 GeV. In the last column the ratios of ¢(dP; < 0.2 GeV)/o(dP, > 0.5 GeV)
are given. The experimental numbers are from Table 2 of [61]. The theoretical numbers correspond to the total
results including all terms contributing; see the upper black lines in the right panels of Figs. 5 and 6.

dpP, <0.2 GeV 0.2 <dP, <0.5 GeV dP, > 0.5 GeV Ratio
Experiment 8+3 47+£3 45+ 4 0.18 £0.07
Approach II, no odderon 22.0 46.9 31.1 0.71
Approach I, no odderon 19.5 48.0 325 0.60
Approach II-a 17.4 422 404 0.43
Approach II-b 13.3 37.0 49.7 0.27
Approach 1 14.7 41.1 44.2 0.33
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o 10°F PO o E
3 o o 7
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The distributions in four-momentum transfer squared |#;| (top panels) and in transverse momentum p, ; of the proton p(p;)

(bottom panels) for the pp — pp(¢p — KTK™) reaction at /s = 13 TeV and for |ng| < 2.5, p,x > 0.1 GeV. Absorption effects are
not included here. In the left panels we show the results for the photoproduction mechanism obtained with the parameter set B (B9). The
results for the y[P- and Py-fusion contributions are presented. Their coherent sum is shown by the blue solid thick line. In the right panels
we present the results for the odderon-Pomeron-fusion mechanism obtained with the parameters quoted in (4.3), (4.4), and (4.6). Again,
we show the OP- and PO-fusion contributions separately and their coherent sum (red long-dashed thick line).

data for the pp — pp¢ reaction normalized to the central
value of the total cross section 6.y, = 60 nb from [61]; see
(4.1). We consider the two photoproduction contributions:
yP plus Py and yM plus My with M = z°, 5. We denote, for
brevity, the coherent sum of the contributions y[P and Py by
y-P, the coherent sum of yM and My by y-M. The
analogous notation will be used for these and all other
contributions in the following. For the photon-Pomeron
fusion we show the results for the two parameter sets, A and
B, discussed in Appendix B (see Fig. 31). For the
estimation of an upper limit of the y-M contribution we
take Ajyy = A[MM = 1.2 GeV in (C9) and (C10); see the
discussion and Fig. 32 in Appendix B. We find that the y-M
contribution is much smaller than the y-P contribution.

It constitutes about 15% of y-P in the integrated cross
section. The y-S [S = f,(500), f¢(980), ay(980)] contri-
bution terms are expected to be even smaller than the y-M
(M = 7°, n) ones; see Fig. 32 in Appendix B. Therefore, we
neglect the y-M- and y-S-fusion contributions in the further
considerations. Clearly, we see that the photoproduction
mechanism is not enough to describe the WA102 data, at
least if we take the central value of ., quoted in (4.1) for
normalizing the data for the ¢, distribution.

In Fig. 4 (right panel) we show the distributions in
rapidity of the ¢ meson. The photoproduction mechanisms
with P exchange (y[P and Py) dominate at midrapidity. The
yM and My components are separated and contribute in the
backward and forward regions of y,, respectively. The
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separation in rapidity means also the lack of interference
effects between the yM and My components.

It is a known fact that absorption effects due to strong
proton-proton interactions have an influence on the shape
of the distributions in ¢,,, dP, [f| and |f,|. Thus,
absorption effects should be included in realistic calcula-
tions. In the calculations presented we have included the
absorptive corrections in the one-channel eikonal approxi-
mation as was discussed, e.g., in Sec. 3.3 of [52]. The
absorption effects lead to a large damping of the cross
sections for purely hadronic diffractive processes and a
relatively small reduction of the cross section for the
photoproduction mechanism. We obtain the ratio of full
and Born cross sections (S?) (the gap survival factor) at

20 T T T
[ pp—pp (¢ = K'K) |
| Vs=13TeV, h1|<25 p, >OlGeV |
3 017GeV<Ip IIp |<050GeV 1
15 | OIP&IPO, no absorptlon ]
a I " Apogy R
) L i
£ i bIPO¢ ]
oF 10 ]
3 N
S~ - 4
©
3 L |
5+ R _|
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5 r T T ]
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[ Vs=13TeV, h]l<25 P, >OlGeV i
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g 3 Apog T b
3 3r 777 Preog ; \ ]
L[ ; F]
_g i / \ K ]
5 2 b ]
< l \ ]
iy .
0 L L ! ! X ! i
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de
O o5 (de8)

/s =29.1 GeV and without any cuts included as follows
(§%) =~ 0.8 for the photoproduction contribution and ($?) =
0.4 for the purely hadronic diffractive contributions dis-
cussed below. However, the absorption strongly depends on
the kinematic cuts on |¢;| and |#,|. This will be discussed in
detail when presenting our predictions for the LHC; see
Sec. IV B below.

The question is now: what are the contributions to ¢ CEP
which could fill the gap between the photoproduction result
and the WA102 data in the left panel of Fig. 4? In the
following we shall explore if this can be achieved by the
subleading fusion processes w-P, ¢-P, w-f,g, and p-z°
and/or the odderon-Pomeron fusion giving a ¢ meson; see
Appendix C and Sec. II B, respectively.

30 —_— ]
- pp —pp (¢ > K'K) ]
s [ Vs=13 TeV, h‘||<25 P, >01GeV B
3 Ol7GeV<Ip IIp I<050GeV ]
j OIP&IPO, no absorptlon ]
%\ 20 ; _____ " Apog /,»"" 7:
\-’LH L IPOY .* -
S st ’ .
= - , 8 1
< / .
© N ! . ]
o 10 - ) | -
5F ]
0 E L | L oy
-0.5 0 0.5
ydiff
15 T T
- pp = pp (¢ - K'K) ]
- Vs=13TeV, h‘||<25 P, >01GeV g
- Ol7GeV<Ip IIp I<050GeV b
% I OIP&IPO, no absorptlon 1
%) 41pog
Q L p
9 I woo |
@ .- -
D -
A L |
]
=3 L |
© 5k .
< :
0 » Ll T ‘
-1 -0.5 0 0.5 1
oSO+

FIG. 9. The differential cross sections for /s =13 TeV and for the ATLAS-ALFA cuts (x| <2.5, p,x > 0.1 GeV,

0.17 GeV <

The thick long-dashed line represents the complete result with both apgy and bpg, couplings (4.6) included in the amplitude; see the
PO¢ vertex (2.32). The contributions for the two type of couplings, a and b from (4.6), are shown separately: the dotted line corresponds
to the calculation only with apg,, and the short-dashed line corresponds to the calculation only with bpg,.
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In Fig. 5 we show results for the y-P and the subleading
fusion processes (w-P, ¢-P, o-fr, and p-7°). We present
results for two approaches as follows. In the top panels
(approach II) we show results for the Reggeon-Pomeron
(pr-P, wp-P) and the Reggeon-Reggeon (wp-for) con-
tributions, (C30)—(C34), and in the bottom panels
(approach I) we show results for the Reggeized-¢p/w-
meson exchanges (C23)—(C29). The p-z° fusion contribu-
tion is calculated in the approach I, i.e., for the Reggeized
p’-meson exchange.

In Figs. 6 and 7 we present several differential distribu-
tions for the y-P and the O-P fusion processes correspond-
ing to the diagrams shown in Figs. 1 and 2, respectively, and

40 —T T
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for the subleading processes w-P, ¢-P, w-f,p and p-z°
fusion. In the panels (a) and (b) of Fig. 6 the w- and ¢-
exchanges are treated as Reggeon exchanges (approach II)
while in the panel (c) as the Reggeized-vector-meson
exchange (C24) (approach I). For the O-P fusion contribu-
tion we take the following parameters, see (2.27)—(2.33),

no =-1, ag(0)=1.05, ay=025GeV>2, (4.3)
A(Z)ﬁlp,@qs = 0.5 GeV?, (4.4)
and we choose different values for apg, and bpgy:
(a) ap@¢ =-0.8 GCV_3, b[p@¢ =1.0 GeV_l; (45)
8 T T T ] T
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FIG. 10. The distributions in azimuthal angle ¢,, between the transverse momentum vectors p; 1, p;, of the outgoing protons (top
panels) and in rapidity difference between kaons y; (bottom panels). The calculations were performed for /s = 13 TeV and for the
ATLAS-ALFA experimental cuts || < 2.5, p,x > 0.1 GeV (left panels), and with extra cuts on the leading protons of 0.17 GeV <
[Py1l.1Py2| < 0.50 GeV (right panels). The blue thick solid line corresponds to the coherent sum of the two diagrams (yP and Py). The
red thick dashed line corresponds to the coherent sum of the OP and PO contributions. The thin lines correspond to the results for one of
the two diagrams separately (the second contribution is the same). For the y-[P-fusion contribution we take the parameter set B (B9). For
the O-P-fusion contribution we take the parameters quoted in (4.3), (4.4), and (4.6).
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panels), and with extra cuts on the leading protons of 0.17 GeV < |p, |, |py2| < 0.50 GeV (right panels). The meaning of the lines is

the same as in Fig. 10.

(b) Cl[p@{/, =-0.8 GCV_3,
(C) Ll[p)@¢ =-0.6 GeV_3,

boay = 1.6 GeV-1;  (4.6)
b[p®¢ =1.6 GeV_l. (47)

The results shown in panels (a) and (b) of Fig. 6 correspond
to the approach Il and the PO¢ parameters in (4.5) and (4.6),
respectively. The results shown in panel (c) correspond to the
approach I and (4.7). The coherent sum of all contributions is
shown by the black solid lines. The lower line is for the
parameter set A of photoproduction (B8) and the upper line
is for set B (B9).

We have checked that these parameters are compatible
with our analysis of the WA102 data for the pp — ppop¢
reaction discussed in [58]. Comparing the results shown in
Fig. 5 with those in Fig. 6 we can see that the complete
results indicate a large interference effect between the y-P,
O-P, o-P, o-f,r, and ¢-P terms.

In [61] experimental values for the cross sections in
three dP; intervals and for the ratio of ¢ production at small
dP, to large dP, are given. We show our corresponding
results in Table I for the two approaches, I and II, with
appropriate PO¢ coupling constants (4.5), (4.6), (4.7).
Here we take the parameter set B (B9) for the y-P fusion
contributions.

Now we discuss our results concerning the WA102 data.
As already mentioned we find that the y-[P fusion processes
alone cannot describe the WAI02 data for the ¢,,
distribution. This holds even if we scale down the exper-
imental data by about 30% corresponding to the quoted
error on the total cross section in (4.1). Thus, we need other
contributions, subleading ones or maybe odderon-Pomeron
fusion. From the subleading ones we find that the y-z°
and y-n contributions are very small; see Fig. 4. Also the

094012-14



SEARCHING FOR THE ODDERON IN pp — ppK*K~ ...

PHYS. REV. D 101, 094012 (2020)

. (nb/GeV)

do/dp

t

do/d(dP) (nb/GeV)

d(s/dcoseKtCS (nb)

12 — .
L pp = pp (9 = K'K) i
ok s=13TeV, In 1<25, p  >0.1GeV B
[ 0.17GeV <lp ll,lpy2|<0.50 GeV .

L ~ 7 y-IP ]
8 / \\ —— OIP ]
i \ ]
6 / \ —
4t .
2k .
iy — \ ——
0 0.5 1

p. (GeV)
tLp

10% E 1 E
F pp — pp (9 = K'K) ]
F Vs=13TeV, InKI<2.5, p[K>0.l GeV E
| 0.17GeV<Ip I,Ip 1<0.50 GeV i
10 E v Fy2 E
£ —¥IP 3
c o —— OIP ]
) E
107! N E
N ]
\ a
N
o -

1072 AN
0 1 2

dP, (GeV)
4 — ‘

[ pp—pp(® —KK) ]
| Vs=13TeV, InKI<2.5, p[K>0.l GeV i
3 N 0.17 GeV < Ipyyll, Ipy{zl <0.50 GeV l
7\\— v-1P /A
L \\—— O-1P ’/ i
2 | —
') 7]
i -~ - ]
L ~ _ i

-1 -0.5 0 0.5 1

cosGKﬂCS

2 ———— ,
[ pp—pp (9 - K'K) ]
[ (s=13TeV, I 1<25, p  >0.1GeV ]
-0.17GeV<Ilp I,Ip 1<0.50 GeV .
15 ot Fy2 -
I — P ]
_ L —— OIP |
ifa) i il
=
~ L \\ 4
(=9 1 I ]
em 3 \\ R
'U - \ m
e | \ ]
S - \ 1
05 S
B o
- .
0 L P =~
0 50 100 150
¢, (deg)
—_—
I pp—pp (9 - K'K)
81" 5=13TeV, M 1<25, p >0.1GeV
L K t,K 1
I 0.17GeV<Ip Llp 1<0.50GeV g
y17 Fya
) F—— v-IP 1
5 6 r—— O-1P g
st /\\ AN
kel
> / /o
)
~~
©
<
08 —_— :
- pp = pp (9 - K'K) 1
F Vs=13TeV, InKI<2.5, ptK>O.l GeV 1
| 0.17GeV<Ip I,Ip 1<0.50 GeV i
% 0.6 V-IP vl Ty2 =
p—

0
0 100 200 300
(0 (deg)

K*,CS

FIG. 12. The differential cross sections for /s = 13 TeV and the ATLAS-ALFA cuts without (the thin lines) and with (the thick lines)
absorption effects. For the y-P-fusion contribution we take the parameter set B (B9). For the O-P-fusion contribution we take the
parameters quoted in (4.3), (4.4), and (4.6).

p-n°-fusion contribution turns out to be very small.
According to our results, the important subleading con-
tributions are w-P, w-f,r and ¢-P fusion. We have treated
them with two methods of Reggeization, I and II. The

Reggeized vector-meson approach I, see (C24), (C25),
almost certainly overestimates these contributions. The
Reggeization means that we replace the vector-meson
exchange by a coherent sum of exchanges with spin
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Results for the ATLAS-ALFA experiment at /s = 13 TeV. The lower blue solid line represents the result for the parameter

set A of photoproduction (B8) and the upper line is for set B (B9). The red long-dashed line represents the odderon-Pomeron fusion with
the parameters quoted in (4.3), (4.4), and the PO¢ coupling parameters (4.6). the red dash-dotted line is for the choice (4.5) of the PO¢
coupling parameters, and the red dotted line is for (4.7). The absorption effects are included here.

1 4+ 3+ 5+ .... The higher the spin the higher the mass of
the exchanged particle. In (C24) this increase of mass is
not taken into account leading to the overestimate. Also,
the distribution in ¢, in this approach I is too flat and
does not fit the data; see the w-P contribution in the left
bottom panel in Fig. 5. The approach II, on the other hand,
assumes Reggeon exchanges, wg and ¢r. This approach
maybe underestimates the contributions if s; or s, are
small, but should be very reasonable for large s, or s,. But
note that in our reaction the threshold for s; and s, is
already quite large sy, ~4 GeV?; see (C26). We see
clearly from Fig. 5 that in this approach the sum of the
7P, v-fors 0r-P, ©g-for, ¢r-P and p-z° contributions,’
added coherently, cannot explain the ¢, data. This gives
a hint that the missing contribution could be the odderon-
Pomeron fusion. And, indeed, with suitable odderon
parameters we arrive at a decent description of the ¢,
and the dP; data from WA102; see Fig. 6 and Table I,
respectively. However, we have to remember that the ¢,,,
distributions have a large normalization uncertainty due to
the relatively large error on o6, (4.1). Therefore, we
emphasise that our fits to the WA102 data on single ¢ CEP
only give a hint that this reaction could be very interesting
for a search of odderon effects. It would be nice if we
could fix the odderon contribution to ¢» CEP at the WA102
energy more quantitatively. But we must leave this to the
experimentalists who know in detail the statistical and

*For clarity: here we took into account the P and fjop
exchanges as a result of w-¢ mixing; see the diagram (b) of
Fig. 30. We neglect the ¢r-f>r-fusion contribution and the f>p-
exchange term from the diagram (a) of Fig. 30 and the a)p-
exchange term from the diagram (b) there.

systematic errors of the data, including the error correla-
tions. Also the theoretical uncertainties of the subleading
contributions are relatively large at the WA102 energy.
These latter uncertainties should, however, be much
smaller at LHC energies. From Fig. 7 we see that the
odderon-Pomeron contribution dominates at larger |y,|
and p, 4 compared to the photon-Pomeron contribution.
As we shall see this also holds at LHC energies and should
help in searches for odderon effects there.

B. Predictions for the LHC experiments

1. The pp — ppK* K~ reaction

In this subsection we wish to show our predictions for the
LHC experiments. We start with the presentation of the
differential distributions for the pp — pp(¢p > KTK™)
reaction (2.3) which we integrate in the ¢ resonance region
(2.2). First we show, for orientation purposes, results for the
yP- and the OP-fusion contributions separately (see the
diagrams shown in Figs. 1 and 2, respectively). For the final
results we shall, of course, add these contributions coher-
ently and calculate absorption corrections at the amplitude
level. We have checked that in the kinematic regimes
discussed in the following the subleading contributions (see
Appendix C) can be safely neglected.

In Figs. 8—16 we show the results for \/E =13 TeV, and
Ing| < 2.5, p,x > 0.1 GeV and sometimes with extra cuts
on the leading protons of 0.17 GeV < [py |, |py2| <
0.50 GeV as will be the proton momentum window for
the ALFA detectors placed on both sides of the ATLAS
detector. The choice of such cuts is based on the analysis
initiated by the ATLAS Collaboration; see [84]. For
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FIG. 14. Selected predictions for the ATLAS-ALFA experiment at /s = 13 TeV. The absorption effects are included here. The blue
solid line represents the result for the photoproduction mechanism for set B (B9) while the red long-dashed line represents the odderon-
Pomeron fusion with the parameters quoted in (4.3), (4.4), and the PO coupling parameters (4.6). The coherent sum of the two fusion
processes is shown by the black solid line.

comparison, we will also show our predictions for the Figure 8 shows the Born-level distributions in |¢;| (top
ATLAS-ALFA experiment for p,x > 0.2 GeV; see  panels) and in transverse momentum p,; = |p, ;| of the
Figs. 15-17 and Table II below. proton p(p;) (bottom panels). In the left panels the
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FIG. 15. The same as in Fig. 14 but for p, x > 0.2 GeV.

photoproduction contributions are plotted while in the right
panels we show the results for the odderon contributions.
The results for the parameter set B (B9) for the photo-
production term and for the parameters quoted in (4.3), (4.4),
(4.6) for the O-P fusion are presented. We show results for

two diagrams separately and for their coherent sum (denoted
by “total”). The interference effects between the two dia-
grams are clearly visible, especially for the O-P-fusion
mechanism. A different behavior is seen at small |¢, | for the
yP and the OP components. Due to the photon exchange the
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FIG. 16. The distributions in cos @+ s (the top panels) and in ¢+ s (the bottom panels). The calculations were performed for
/s = 13 TeV and for the ATLAS-ALFA experimental cuts |57x| < 2.5, p,x > 0.1 GeV (left panels) or p, x > 0.2 GeV (right panels),
and with extra cuts on the leading protons of 0.17 GeV < |p, |, |py»| < 0.50 GeV. The meaning of the lines is the same as in Fig. 14.

The absorption effects are included here.

protons are scattered only at small angles and the yP
distribution has a singularity for || = 0. Of course,
t; = 0 cannot be reached here from kinematics. In con-
trast, the OP distribution shows a dip for |¢;| — 0. The
explanation of this type of behavior is given in
Appendix C of [39]. In the bottom panels we show the
p, distributions for proton p(p;). Here these differences
are also clearly visible.

In Fig. 9 we show results for the hadronic diffractive
contribution for the two types of couplings in the PO¢
vertex (2.32) separately and when both couplings are
taken into account. The distributions in ¢,,, the relative
azimuthal angle between the outgoing protons, in yg; =
y3 — Y4, the rapidity distance between the two centrally
produced kaons, and in ¢+ s and cos @+ s where the
azimuthal and polar angles of the K™ meson are defined
in the Collins-Soper (CS) frame, see Appendix D, are
presented. We can see that the complete result indicates a

large interference effect of the apgy and bpg, coupling
contributions in the amplitudes. Note, in particular, that
both the a and the b term separately give a cos g+ cg
distribution with a maximum at cos g+ cg = 0. On the
contrary, their coherent sum has a minimum there.
Figure 10 shows the differential cross sections
do/d¢,, (see the top panels) and do/dygy (see the
bottom panels) without (the left panels) and with (the
right panels) limitations on the leading protons. The blue
lines correspond to the photoproduction contributions
while the red lines to the hadronic diffractive contribu-
tions. The thin lines represent the results for one of the
two diagrams separately (yP or Py as well as OP or PO)
and the thick lines represent their coherent sum (yP plus
Py, OP plus PO). The reader is asked to note a reversed
interference behavior for the photon-Pomeron and odd-
eron-Pomeron mechanisms. The influence of kinematic
cuts on the leading protons is also shown. We see that

094012-19



LEBIEDOWICZ, NACHTMANN, and SZCZUREK PHYS. REV. D 101, 094012 (2020)

0.5 T — I p————— 1
L pp — pp (9 = K'K) i - pp — pp (¢ = K'K) ]
[ (s=13TeV, I 1<25 p >02GeV ] sk s=13TeV, I 1<25 p >02GeV |
041 0.17GeV<Ip Ilp 1<0.50 GeV — ~F 017Gev<ip I.Ip 1<0.50GeV p
o y.l y2 B o y.l y2 4
I —— y-IP ] 3 — v-IP .
3 i - O-IP 1 S 2+ - O-IP —
E o3k total 1 £ r total ]
Sl ] 5 15: :
5 L ]
= r ] % r ]
b 0.2 B 7] B r 1
o i ] o] 1 C n
0-11 ] 05F ]
oL - 0E —— >
-05 0 0.5
Y aitr
4 — T 08 ————— ,
[ pp—pp (¢ = K'K) ] - pp —pp (9 = K'K) 1
[ (s=13TeV, n 1<25, p  >02GeV ] "(S=13TeV, In 1<25, p  >02GeV .
/>\ 3 B 0.17 GeV<|py'll,|py2| <0.50 GeV N 06 L 0.17 GeV<Ipy»ll,Iple<0.50 GeV ]
5] L yiIp o1 _ aal y-IP ]
@) L oI | © - O-IP
~ ﬁ - 4
e} I total = total
A ] T2t |
a 21 4 o 041 .
Q:; F R Q L J
i) I 18 — ]
e | ] S ]
© o r = 02 .
07 | “‘;-»._,_: 0 P P
0.5 1 0 50 100 150
GeV de
pt,p ( ) q)pp (deg)
1.5 T ‘ 03 T T
- pp — pp (9 = K'K) ] - pp —pp (9 = K'K) .
- s=13TeV, In1<25, p >02GeV - Fs=13TeV, In1<25, p >02GeV -
_ b 0.17GeV<Ip I,Ip 1<0.50 GeV 1~ b 0.17GeV<Ip I,Ip 1<0.50 GeV .
a] v Ty2 0 vl Fy2
= r—yIP 1 e r—— vIP ]
N N
o 1} - OIP 7 » 02} ---- O-IP -
|©) L total i o L total i
> L
2 I | = I |
o 3
Q b L 4
Q o 0.1k |
b .
—O - m
- ] I N N U
0 P Batiel 0 P P P
-1 -0.5 0 0.5 1 0 100 200 300
cosO de
K*.CS ¢K+’ cs (deg)

FIG. 17. The differential cross sections for the pp — pp(¢ - KT K~) reaction calculated for /s = 13 TeV and for the ATLAS-
ALFA experimental cuts |17x| < 2.5, p, x > 0.2 GeV, 0.17 GeV < [p, 4], py’2| < 0.50 GeV. The meaning of the lines is the same as in
Fig. 14 but here we have taken the smaller value of the bpg, coupling parameter; see (4.5). The absorption effects are included here.

due to the cuts on the leading protons (0.17 GeV < In Fig. 11 we show the kaon angular distributions in the
|Pyal.|py2] < 0.50 GeV) the photoproduction term is ~ K*K~ rest system using the Collins-Soper (CS) frame;
strongly suppressed. The odderon-Pomeron contribution  see Appendix D. The Collins-Soper frame which we use
dominates at larger |yg| compared to the photon-  here is defined as in our recent paper on extracting the
Pomeron contribution. PPf,(1270) couplings in the pp — ppza'z~ reaction [59]
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TABLE II.

The integrated cross sections in nb for the central exclusive production of single ¢» mesons in proton-proton collisions with

the subsequent decays ¢ — KK~ or ¢ — u*u~. The results have been calculated for /s = 13 TeV in the dikaon/dimuon invariant
mass region M3, € (1.01, 1.03) GeV and for some typical experimental cuts. We show results for the y-P- and O-P-fusion contributions
separately and for their coherent sum (“total”). The ratios of full and Born cross sections (S?) (the gap survival factors) are shown in the

last column.

Cuts Contributions o(Bom) (nb) o0 (nb) ($?)
Ink| < 2.5, p.x > 0.1 GeV 7-P 60.07 55.09 0.9
o-p 21.40 6.44 0.3
Total 58.58
Ink| < 2.5, p,x > 0.1 GeV, 7-P 1.77 0.52 0.3
0.17 GeV < [p,1|. |py2| < 0.5 GeV o-pP 291 0.79 0.3
Total 0.93
Ing| < 2.5, p,x > 0.2 GeV, y-P 1.07 0.24 0.2
0.17 GeV < [p,1|.|py2| < 0.5 GeV o-pP 2.10 0.61 0.3
Total 0.70
Ink| < 2.5, p,x > 0.5 GeV, 7P 6.74 x 1073 0.76 x 1073 0.1
0.17 GeV < |py1l.|py2| < 0.5 GeV o-P 87.94 x 1073 18.97 x 1073 0.2
Total 20.47 x 1073
2.0 <ng <45, p.x > 0.1 GeV 7-P 43.18 40.07 0.9
o-pP 16.73 4.70 0.3
Total 43.28
2.0 <ng <45, px > 0.3 GeV y-P 3.09 2.57 0.8
o-pP 6.57 1.64 0.3
Total 4.24
2.0 <ng <45, pix > 0.5 GeV 7-P 0.93 x 107! 0.66 x 107! 0.7
o-pP 0.88 0.16 0.2
Total 0.24
2.0 <n, <45, p,, > 0.1 GeV y-P 23.93 x 1073 20.96 x 1073 0.9
o-P 10.06 x 1073 3.02x 1073 0.3
Total 21.64 x 1073
2.0 <n, <45, p,, > 0.5 GeV y-P 1.21 x 1073 0.85 x 1073 0.7
o-p 1.49 x 1073 0.45 x 1073 0.2
Total 1.07 x 1073
2.0 <n, <45, p,, > 0.1 GeV, y-P 0.70 x 1073 0.41 x 1073 0.6
Piyu- > 0.8 GeV o-pP 246 x 1073 0.51 x 1073 0.2
Total 091 x 1073

with K™ and K~ in the place of zt and 7™, respectively. For
the pp — pp(¢p - KTK~) reaction we can observe inter-
esting structures in the ¢g+ s (top panel) and in the
cos O+ cs (bottom panel) distributions. The distribu-
tions in ¢+ s for the hadronic diffractive contribution
(OP plus PO) are relatively flat. The photoproduction
term, in contrast, shows pronounced maxima and min-
ima which are due to the interference of the yP and
Py terms. The cuts on leading protons considerably
change the shape of the ¢y g distributions for the
photon-exchange contribution. The angular distribution
do/d cos O+ s looks promising for a search of odderon
effects as it is very different for the y-P- and the O-P-
fusion processes.

In Fig. 12 we compare results without (the thin lines)
and with (the thick lines) absorption effects. The absorp-
tion effects have been included in our analysis within
the one-channel-eikonal approach. For the ATLAS-
ALFA kinematics the absorption effects lead to a large
damping of the cross sections both for the hadronic
diffractive and for the photoproduction mechanisms. We
find a suppression factor of the cross section of
(§%) ~0.3; see Table II. A similar value of suppression
was found in [85] (see Fig. 14 there) for the exclusive
pp — pprta~ reaction for the diffractive continuum
process at the LHC energy. From Fig. 12 we see that
the absorption effects also modify the shape of the
distributions.
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The two-dimensional distributions in (p, -+, p; x-) forthe pp — pp(¢ — K K~) reaction via y-P-fusion (left panel) and via

O-P-fusion (right panel) processes. The calculations were done for /s =13 TeV and with cuts on 2.0 <ng <4.5 and
prx > 0.1 GeV. Here we show the result for y-P fusion obtained with the parameter set B (B9) while the result for O-P fusion
was obtained with the parameters quoted in (4.3), (4.4), and (4.6). The absorption effects are included here.

From the cos @+ g distributions shown in Figs. 11 and
12 we can conclude that from the y-P fusion the ¢
meson gets preferentially a transverse polarization giving
a distribution proportional to sin®6@x+ cs. For the O-P
fusion, on the other hand, we find that the ¢ meson gets
preferentially a longitudinal polarization with a distri-
bution proportional to cos? @k cg. This different behav-
ior can be understood using again the considerations of
Appendix C of [39]. The y-P contribution is largest for
very small |¢], see Fig. 8, where the virtual photon has
essentially only transverse polarization which it will
transmit to the ¢. The O-P fusion, on the other hand,
gives a very small contribution for very small |z|. For
larger |t|, however, where the odderon contributes most,
the longitudinal cross section has a “large” factor |t
relative to the transverse term. (This is quite analogous
to what happens in DIS for the standard cross sections
of the absorption of the virtual photon on the proton, o7
and o;,. For Q> -0 o, goes to a constant, o, is
proportional to Q?; see for instance [50]).

Up to now we have shown results including the
ATLAS-ALFA experimental cuts for a concrete set of
parameters, set B (B9) for the photoproduction term and
(4.6) for the PO¢ coupling parameters. In Fig. 13 we
show results for different parameter sets, as discussed in
Sec. IVA, for the y-P- and O-P-fusion processes. The
upper blue solid line is for the parameter set B of photo-
production (B9) and the lower blue solid line is for set A
(B8). The red long-dashed line corresponds to the odderon
parameters quoted in (4.3), (4.4), and the PO¢ coupling
parameters (b) (4.6), the red dash-dotted line is for the

choice of PO¢ coupling parameters (a) (4.5), and the red
dotted line is for (4.7).

In Figs. 14-16 we show distributions in several
variables for the ATLAS-ALFA experimental cuts,
Vs =13TeV, |ng| <25, 0.17 GeV < |py,1l.|py2| <
0.50 GeV, p,x > 0.1 GeV and p,x > 0.2 GeV. The
absorption effects are included in the calculations. We
show results for the y-P- and O-P-fusion contributions
separately (see the blue and red lines, respectively) and
when both terms are added coherently at the amplitude
level (the black lines). We take for the y-P- and O-P-
fusion contributions the coupling parameters (B9) and
(4.6), respectively. In Fig. 17 we show the results for
(4.5) apgy=—-0.8GeV™ and bpgy = 1.0 GeV~! [instead
of bpgy =1.6 GeV~! (4.6)]. We can see that the com-
plete result indicates a large interference effect of
y-P- and O-P-fusion terms. The odderon-Pomeron con-
tribution dominates clearly at larger |ygy|, Prxix-»
the transverse momentum of the K1tK~ pair, and
cos O+ cs = £1, compared to the photon-Pomeron con-
tribution. We encourage the experimentalists associated
to the ATLAS-ALFA experiment to prepare such dis-
tributions, especially do/dygyg, do/dcosOy+ s, and
do/d¢py+ cs. Observation of the pattern of maxima and
minima would be interesting by itself as it is due to
interference effects. Note, in particular, the different
pattern of ¢+ s distributions in Figs. 16 and 17.
Within the same kinematic cuts we can observe for
¢k+cs = 0,727 destructive interference for (4.6) and
constructive interference for (4.5). The same is clearly
seen also for cos O+ g = 0.
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FIG. 19. The differential cross sections for the pp — pp(¢ - KTK™)

absorption effects are included here.
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reaction. Calculations were done for /s = 13 TeV,
2.0 <ng <4.5,and p,x > 0.3 GeV (left panels) or p, ¢ > 0.5 GeV (right panels). The meaning of the lines is the same as in Fig. 14.
Results for the photoproduction (blue solid lines) and the O-P-fusion (red lines) contributions are shown separately. The black solid line
corresponds to the coherent sum of the y-P- and O-P-fusion processes with the coupling parameters (B9) and (4.6), respectively. The
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FIG. 20. The distributions in cos O+ cs and ¢g+ cs for the same experimental cuts as in Fig. 19. Also the meaning of the lines is as in
Fig. 19.
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FIG. 21. The two-dimensional distributions in (¢x+ cs, cos Ox+ cs) forthe pp — pp(¢p — K+K~) reaction via y-P fusion (left panel)
and via O-P fusion (right panel). The calculations were done for /s = 13 TeV and with the cuts 2.0 < 7x < 4.5 and p, x > 0.3 GeV.
We show the result for y-P fusion obtained with the parameter set B (B9) while the result for O-P fusion was obtained with the
parameters quoted in (4.3), (4.4), and (4.6). The absorption effects are included here.
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FIG. 22. The distributions in x"u~ invariant mass for the
exclusive pp — pputu~ reaction including the ¢-meson pro-
duction via the y-P- and the O-P-fusion processes and the
nonresonant yy — = continuum term. The calculations were
done for /s =13 TeV, 2.0 < n, <45, and p,, > 0.1 GeV.
Here we show the result for y-P fusion (the blue solid line)
obtained with the parameter set B (B9). The result for O-P fusion
(the red long-dashed line) was obtained with the parameters
quoted in (4.3), (4.4), and (4.6). The black short-dashed line
corresponds to the continuum contribution. The absorption
effects are included here.

It is worth adding that much smaller interference
effects are predicted when no cuts on the outgoing
protons are required; see the results in Table II and
Figs. 19, 20 below. When cuts on transverse momenta
of the outgoing protons are imposed then the y-P- and
O-P-fusion contributions become comparable and large
interference effects are in principle possible.

We have checked numerically that for ag(0) = 1.0,
instead of ag(0) = 1.05 [see (2.30)], we get a bit smaller
cross section for the O-P-fusion contribution but the shape
of the differential distributions (e.g., do/d¢,,, do/dt, ,) is
not changed. In our plots for the LHC energies we have
taken mainly the odderon coupling parameters from (4.6).
This is to be understood as an example. For the parameters
from (4.5) the odderon effects at the LHC are typically
smaller than those from (4.6) by a factor of roughly 2; see
Figs. 13, 15, 17. Figures 15 and 17 show distinct interfer-
ence effects between the y-[P- and O-[P-fusion contributions
which depend on the choice of the odderon coupling
parameters. In an experimental analysis of single ¢p CEP
at the LHC clearly the odderon parameters from (2.29) and
(2.32) should be considered as fit parameters to be
determined from the comparison of our theoretical results
with the data.

Now we shall discuss results for the LHCb experi-
mental conditions. In Fig. 18 we show the two-dimensional

distributions in (p, g+, p,x-) for /s =13 TeV, 2.0 <
ng < 4.5, and p, g > 0.1 GeV. In the left panel we show
the result for y-P fusion obtained with the parameter
set B (B9). In the right panel we show the result for
O-P fusion for the parameters quoted in (4.3), (4.4), and
(4.6). We can see that the y-P-fusion contribution is
larger at smaller p, g than the O-P-fusion contribution.
Therefore, a low-p, ¢ cut on transverse momenta of the
kaons can be helpful to reduce the y-P-fusion contri-
bution; compare the left and right panels in Figs. 19 and
20 below.

In Figs. 19 and 20 we show several distributions
for y-P- and O-P-fusion contributions and their coherent
sum for the LHCb experimental conditions, /s = 13 TeV,
20 <ng <45, px > 0.3 GeV (left panels) or p, g >
0.5 GeV (right panels). The absorption effects were
included in the calculations. For larger kaon transverse
momenta (or transverse momentum of the KTK~ pair)
the odderon-exchange contribution, using our para-
meters for the odderon, is bigger than the photon-
exchange one.

As in the previous (ATLAS-ALFA) case the angular
distributions in the KTK~ Collins-Soper rest system
seem interesting. In Fig. 21 we show the two-dimensional
distributions in (¢g+ cs, o8O+ cs) for 2.0 <ng < 4.5
and p,x > 03 GeV. We see here again that the y-P
fusion leads predominantly to transverse polarization of
the ¢ meson. The distribution for the O-P fusion (the
right panel of Fig. 21) shows clearly a strong longitudinal
¢-meson component but, due to the marked ¢g+ s
dependence, also transverse ¢ components must be
present.

2. The pp — ppu*u~ reaction

The ¢ meson can also be observed in the utu~
channel. In this subsection we wish to show our
predictions for the pp — pputu~ reaction for the
LHCb experiment at /s =13 TeV for the 2.0 <5, <
4.5 pseudorapidity range. Here we require no detection of
the leading protons.

In Fig. 22 we present the u'u~ invariant mass
distributions in the ¢(1020) resonance region. We show
the contributions from the y-P- and O-P-fusion processes
and the continuum yy — utu~ term. The dimuon-
continuum process (yy — u"u~) was discussed, e.g., in
[86] in the context of the ATLAS measurement [87]. In
our analysis here we are looking at the dimuon invariant
mass region M, € (1.01,1.03) GeV.

Note, that in the continuum term, yy — ptu~, the
utp~ are in a state of charge conjugation C = +1. For
¢ — putu~ we have a state of C=—1. Thus, the
interference of the continuum and the ¢-production
reactions will lead to u"-u~ asymmetries. We have
checked, however, that the interference in the utu~

094012-25



LEBIEDOWICZ, NACHTMANN, and SZCZUREK

PHYS. REV. D 101, 094012 (2020)

pp = pp (Yy— M'W),  continuum

dzc/dpt’ (b (pb/GeV?)

10°
o 10°
% 1g 10°
@
5 10?
Qf 0.5 10
1
107!
0 POt M, 102
0 0.5 1 1.5
(a) P, (GeV)
pp—>pp (- u'W), yIP&IPYy
d’c/dp,_ dp  (pb/GeV?)
1.5 Il r_,“r T 7!1 T T 10*
10°
A~~~
% 1 10?
@)
N
by 10
Q-:"h o
0.5 & 1
| 107!
0 = 102
0 0.5 1 1.5
© P, " (GeV)

pp = pp (Yy— M'W),  continuum

dzc/dpt’ b (pb/GeV?)

1.5 ‘ ———
wo € (1.01,1.03) GeV
10°
)
% 14 10*
@)
N’
by 10
& 05 "
107!
0 3 102
0 0.5 1 1.5
(b) pt, w (GeV)
pp—>pp @ - u'w), OIP&IPO
d’o/dp_ dp, . (pb/GeV?)
15 e -~
10°
~~
2 1 102
O ]
N
+1 10
Q-:.a"
0.5 .
107!
0 102
0 0.5 1 15
@ P, . (GeV)

FIG. 23.  The two-dimensional distributions in (p,,+, p,,-) for the pp — p pup~ reaction. The calculations were done for /s =
13 TeV and 2.0 <, < 4.5. The results in the panels (a) and (b) correspond to the 4 x~ continuum without and with the cut on
M,:,~ € (1.01,1.03) GeV, respectively. The results in the panels (c) and (d) correspond to the ¢ production via y-P fusion and via O-P

fusion, respectively. No absorption effects are included here.

channel is smaller than our numerical precision, definitely
smaller than 2%.

In Fig. 23 we show two-dimensional distributions in
(Piy+s Pry-) for three different processes. The result in
the panel (a) corresponds to the continuum contribution
without the cut on M+ ,-. Here the maximum of the
cross section is placed along the p, ,+ = p,,- line which
is due to the predominantly small transverse momenta of
the photons in this photon-exchange process. The results
in the panels (b), (c), and (d) correspond to the
continuum term, the y-P- and O-P-fusion processes,
respectively, including the limitation on M+ ,-.

In Figs. 24 and 25, we show the predictions for the pp —
pputu~ reaction for typical experimental lower cuts on the
transverse momentum of the muons, p,, > 0.1 GeV and
Pry > 0.5 GeV, respectively. In contrast to dikaon pro-
duction here there is for both the y-P- and the O-P-fusion

contributions a maximum at ygir = 0 (or cos 8+ cg = 0).
In Fig. 24 the continuum contribution is large. Imposing
a larger cut on the transverse momenta of the muons
reduces the continuum contribution which, however, still
remains sizeable at yg; = 0. Such a cut reduces the
statistics of the measurement; see the results in Table II.
In Fig. 25 we show our predictions for different choices of
parameters. The "y~ channel seems to be less promising
in identifying the odderon exchange at least when only the
Pry cuts are imposed. Eventually, the absolute normaliza-
tion of the cross section and detailed studies of shapes of
distributions should provide a clear answer whether one can
observe the odderon-exchange mechanism here.

In Fig. 26 we present the distributions in trans-
verse momentum of the p™u~ pair. We can see that the
low-p, ,+,~ cut can be helpful to reduce the continuum
(yy = ptu~) and photon-Pomeron-fusion contributions.
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FIG. 24. The differential cross sections for the pp — ppu*pu~ reaction in the dimuon invariant mass region M,:,- €
(1.01,1.03) GeV. Calculations were done for /s = 13 TeV, 2.0 <7, <4.5, and p,, > 0.1 GeV. The meaning of the lines is
the same as in Fig. 22. We take the y-P- and O-P-fusion contributions for the coupling parameters (B9) and (4.6), respectively.

The absorption effects are included here.

In Fig. 27 we show the results when imposing in
addition a cut p,,+,- > 0.8 GeV. The yy — u*u~ con-
tribution is now very small. We can see from the yg
distribution that the photon-Pomeron term gives a broader
distribution than the odderon-Pomeron term. At yg = 0
the odderon-exchange term is now bigger than the pho-
toproduction terms.

In Table II we have collected integrated cross sections
in nb for /s = 13 TeV and with different experimental
cuts for the exclusive pp — ppKTK~ and pp — ppu*u~
reactions including the y-P- and O-P-fusion processes
separately. We also show the results for the coherent
sum of the y-PP- and O-P-fusion processes including
absorption corrections. Here we take for the y-P- and
O-P-fusion contributions the coupling parameters (B9) and
(4.6), respectively. The ratios of full and Born cross

sections (S?) (the gap survival factors) are also presented.
We obtain (S?) ~0.2-0.3 for the purely diffractive O-P
contribution. For the y-P contribution we find that (S?)
strongly depends on the cuts on the leading protons.

We close this section with a brief comment on the
absorptive corrections in the nonperturbative (soft) diffrac-
tive and in pQCD processes.

The survival factor for the soft exclusive process pp —
pprtn~ via the Pomeron-Pomeron fusion for /s = 7 TeV
was calculated also in [85]. From Fig. 14 of [85] we see that
the survival factor (only the pp rescattering corrections) is
about (S?) = 0.2.

In the perturbative case there is an additional factor
for the gluon-gluon fusion vertex. This factor suppresses
the emission of virtual “soft” gluons that could fill rapi-
dity gaps (Sudakov-like suppression). For “hard” pQCD
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FIG. 26. The distributions in transverse momentum of the y*u~ pair for the pp — ppu™pu~ reaction in the dimuon invariant mass
region M+~ € (1.01,1.03) GeV. Calculations were done for \/s = 13 TeV, 2.0 <, < 4.5 and for p,, > 0.1 GeV (left panel) and
for p,, > 0.5 GeV (right panel). The meaning of the lines is the same as in Fig. 22 but here we added the coherent sum of all
contributions shown by the black solid line. Here we take the y-P- and O-P-fusion contributions for the coupling parameters (B9) and
(4.6), respectively. The absorption effects are included here.
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FIG. 27. The differential cross sections for the pp — ppu*p~ reaction in the dimuon invariant mass region M,:,- €
(1.01,1.03) GeV. Calculations were done for /s = 13 TeV, 2.0 < 5, < 4.5, p,, > 0.1 GeV, and p, ,+,- > 0.8 GeV. The meaning
of the lines is the same as in Fig. 26. The absorption effects are included here.

processes at the LHC energies the expected (S?) value is
about 0.03 (or smaller); see, e.g., [88-90]. Besides the
effect of eikonal screening, there is some suppression
caused by the rescatterings of the protons with the
intermediate partons (inside the unintegrated gluon distri-
bution). This effect, neglected in the present calculations, is
described by the so-called enhanced Reggeon diagrams and
usually denoted as S2,. The precise size of this effect is
uncertain, but due to the relatively large transverse momen-
tum (and so smaller absorptive cross section) of the
intermediate partons, it is only expected to reduce the
corresponding CEP cross section by a factor of at most a
“few,” that is a much weaker suppression than in the case of
<S2>, the eikonal survival factor; see, e.g., [89,90].

A similar method of calculation of the soft survival
factor, (S?), as in our paper, was used in the GRANITTI
Monte Carlo event generator [91]. For instance, for central

exclusive # 7~ production (via Pomeron-Pomeron fusion),
denoted in Table 1 of [91] by #* 7%, , the author gets (S?) ~
0.2 at the LHC energies. Note, that a much smaller ($?) =
0.06 is obtained in [91] for a pQCD process, production of
a gluon pair gg at /s = 13 TeV, using the pQCD based
Durham model.

Finally, we note that for the yy-fusion processes the
values of (S?) also depend on kinematic regions consid-
ered; see, e.g., [86].

V. CONCLUSIONS

In the present paper we have discussed the possibility to
search for odderon exchange in the pp — pp¢ reaction
with the ¢ meson observed in the K™K~ or u*u~ channels.
There are two basic processes: the relatively well known
(at the Born level) photon-Pomeron fusion and the rather
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elusive odderon-Pomeron fusion. In our previous analysis
on two ¢-meson production in proton-proton collisions
[58] we tried to tentatively (optimistically) fix the param-
eters of the Pomeron-odderon-¢ vertex to describe the
relatively large ¢p¢b invariant mass distribution measured by
the WA102 Collaboration [60]. The calculation for the
pp — pp¢ process requires in addition knowledge of the
rather poorly known coupling of the odderon to the proton.
The latter can be fixed, in principle, by a careful study of
elastic proton-proton scattering. The present estimates
suggest fg,, ~0.1 fpyy [see Eq. (2.31)]. In the present
study we therefore fixed the odderon coupling to the proton
at this reasonable value and tried to make predictions for
central exclusive ¢-meson production. Our results also
depend on the assumptions made for the Regge trajectory
of the odderon, Eqgs. (2.29) and (2.30). In this context the
photon-Pomeron fusion is a background for the odderon-
Pomeron fusion. The parameters of photoproduction were
fixed to describe the HERA ¢-meson photoproduction
data; see Appendices A and B. There, we pay special
attention to the importance of the ¢-» mixing effect in the
description of the yp — ¢p and yp — wp reactions. We
would like to invite experimentalists to perform further
studies of these reactions both with still unanalyzed HERA
data and data from ultraperipheral Ap collisions. This
should include @ and ¢ polarization studies in order to
get precise values for the relevant coupling parameters
defined in Appendices A and B. To fix the parameters of the
Pomeron-odderon-¢ vertex (coupling constants and cutoff
parameters) we have considered several subleading con-
tributions and compared our theoretical predictions for the
pp — pp¢ reaction with the WA102 experimental data
from [61].

Having fixed the parameters of the model we have made
estimates of the integrated cross sections as well as shown
several differential distributions for pp — pp¢ at the
WA102 energy +/s =29.1 GeV. In addition we have
discussed in detail exclusive production of single ¢ mesons
at the LHC, both in the K"K~ and u"u~ observation
channels, for two possible distinct types of measurements:
(a) at midrapidity and without or with forward measure-
ment of protons (relevant for ATLAS-ALFA or CMS-
TOTEM), (b) at forward rapidities and without measure-
ment of protons (relevant for LHCb). In contrast to low
energies, where several processes may compete, at the large
LHC energies the odderon-exchange contribution competes
only with the photoproduction mechanism. We have
considered different dedicated observables. Some of them
seem to be promising. The distributions in yg (rapidity
difference between kaons) and the angular distributions of
kaons in the Collins-Soper frame seem particularly inter-
esting for the K™ K~ final state. These angular distributions
give information on the polarization state of the produced ¢
meson. It is a main result of our paper that, according to our

odderon model, the polarization of the ¢ and, as a
consequence, the angular distribution of the kaons in the
Collins-Soper frame are very different for the y-P- and
O-P-fusion processes. This should be a big asset for an
odderon search. Increasing the value of the cut on the
transverse momenta of kaons improves the signal
(Pomeron-odderon fusion) to the background (photon-
Pomeron fusion) ratio. Of course, in this way the rates
are reduced; see Table II. In general, the u*pu~ channel
seems to be less promising in identifying the odderon
exchange. In this case detailed studies of shapes of
do/dy g or/and do/dcos6,+ s would be very useful in
understanding the general situation. To observe a sizeable
deviation from photoproduction a p, ,+,- > 0.8 GeV cut on
the transverse momentum of the p*u~ pair seems neces-
sary. Such a cut reduces then the statistics of the meas-
urement considerably. A combined analysis of both the
K* K~ and the u*u~ channels should be the ultimate goal in
searches for odderon exchange. We are looking forward to
first experimental results on single ¢p CEP at the LHC.

In summary, we have presented results for single ¢ CEP
both at the Born level as well as including absorption
effects in the eikonal approximation. We have argued that
the WA102 experimental results at c.m. energy /s =
29.1 GeV leave room for a possible odderon-exchange
contribution there. Then we have turned to LHC energies
where single ¢ CEP can be studied by experiments such as:
ATLAS-ALFA, CMS-TOTEM, ALICE, and LHCb. Using
our results it should be possible to see experimentally if
odderon effects as calculated are present, if our odderon
parameters have to be changed, or if it is only possible to
derive limits on the odderon parameters. We are looking
forward also to relevant data from the lower energy
COMPASS experiment. At high energies the deviations
from the y-P-fusion contribution can be treated as a signal
of odderon exchange. In our opinion several distributions
should be studied to draw a definite conclusion on the
odderon exchange. So far the odderon exchange was not
unambiguously identified in any reaction. In the present
paper we have shown that for the odderon search the study
of central exclusive production of single ¢ mesons is a
valuable addition and alternative to the study of elastic
proton-proton scattering or production of two ¢ mesons in
the pp — pp¢¢ reaction discussed by us very recently; see
[58]. But the results of our paper are not limited to the
odderon search. We give in the Appendices A and B also
all the necessary formulas for the analyses of @ and ¢
photoproduction in the framework of our tensor-Pomeron
model. We hope that experimentalists will perform such
analysis using both data from HERA and from ultra-
peripheral Ap collisions at the LHC. Such results will
then be very useful to make refined predictions for ¢p CEP
via the y-P fusion. This process is not only a background
for an odderon search but also interesting by itself.

094012-30



SEARCHING FOR THE ODDERON IN pp — ppK*K~

PHYS. REV. D 101, 094012 (2020)

ACKNOWLEDGMENTS

The authors are grateful to L. Adamczyk, C. Ewerz,
S. Glazov, L. Gorlich, R. McNulty, B. Rachwal, and
T. Szumlak for useful discussions. This work was partially
supported by the Polish National Science Centre Grant
No. 2018/31/B/ST2/03537 and by the Center for Inno-
vation and Transfer of Natural Sciences and Engineering
Knowledge in Rzeszéw (Poland).

APPENDIX A: OFF-DIAGONAL DIFFRACTIVE
® — ¢ TRANSITION

In the naive quark model the nucleon has no s§ content,
whereas the ¢ meson is a pure 5§ state (ideal mixing of the
vector mesons). Thus, the coupling of the ¢ meson to the
nucleon is expected to be very weak. In practice there is a
slight deviation from ideal mixing of the vector mesons,
which means that the ¢ meson has a small wii + dd
component. Therefore, one should worry about diffractive
off-diagonal @ — ¢ transitions (@ strongly couples to the
nucleon). We should consider the diagrams shown below in
Fig. 34. How to treat the off-diagonal diffractive transitions
due to Pomeron exchange?

The physical states @ and ¢ are usually written in terms
of flavor eigenstates @, and wg and the so-called mixing
angle 0y [see (B1) of [64]]

@ = wg cos By + w; sin Gy,

—¢p = —wgsin by + w; cos Oy, (A1)

where w; = \/ii(uﬂ +dd + 55), wg = \/ig(uﬁ + dd - 2s3).

The mixing angle can be written as:

9‘/ - 9‘/71' - Aev (AZ)
The first component corresponds to the so-called ideal
mixing angle and the second one quantifies the deviation
from the ideal mixing. For the ideal mixing angle 6y ;
we have:

2 1
sinevl-:\/i, cosby,;, = —,
5 3 5 \/§

tanfy,; = V2, Oy, = 5474 (A3)
Then it is easy to show, using (A2) and (A3), that:
ing \F Afy ———sin A6
sinfy = {/=cos — —=sin
Vv 3 \%4 \/g Vs
0y = ——cos AGy + \f in AG (A4)
cos @y = —=cos —sin .
14 /3 14 3 14
Inserting this in (A1) and defining o, = % (uit + dd)
and ¢y = —s5§ the mixing equation reads:

® = wycos(AbBy) + ¢ sin(Aby),

¢ = —w,sin(Aby) + ¢y cos(Aby). (A5)
The reverse reads

@y = wcos(Aby) — ¢psin(Aby),

o = wsin(Aby) + ¢ cos(Aby). (A06)

It is well known that experimentally the angle A8y is
small. Thus, the physical @ and ¢ are nearly equal to w, and
¢o, respectively.

Now we consider the Pogw, Por@p, P¢prw, and Porp
vertices for which we assume a structure as in (2.12)
with appropriate coupling constants a and b. In our case
(CEP of ¢ meson in proton-proton collisions) the wg
(w Reggeon) is, however, off-mass shell and we neglect
the rather unknown mixing in this Regge-like state and
include mixing in the on-shell ¢ only. We shall argue,
therefore, that in the Pwpw and Pwr¢ vertices only
the w, will couple. In this way we get for our coupling
constants a and b

Apwrw = APwrw, COS(AQV)’

waRaJ = waRa}U COS(AHV); (A7)
aIPwR(/) = _a[lj’mRmo Sin(AHV)’
waR(/’ = _bPUJRﬂJo SIH(AHV)’ (AS)
Pord _ —tan(A6y),
anRw
b
2o=d — _ tan(A0y). (A9)
waRw

In an analogous way we shall assume that in the P¢p@
and P¢r¢ vertices only the ¢, will couple. This gives

Apyyw = Apgy g, SIN(AOy),

bp'/)m{m = beIJ’R(/’O sin(AHV); (A]O)
ap¢R¢ = ap¢R¢0 COS(Aev),
bp¢R¢ = bP(f?le’o COS(Aev); (Al 1)
a
Pl _ tan(AGy),
Apgggp
b
Bl — tan(AGy). (A12)
bpgeg

In Sec. Il and in Appendix C we consider also the couplings
of the Pomeron to Reggeized vector mesons and vector
mesons. In Appendix B below we need the couplings of the
Pomeron to the off-shell vector mesons at g> = 0 and the
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vector mesons. We denote here, for clarity, these Reggeized

or off-shell mesons by V. In the following we shall assume
that

Apyro = APow = APww>
Apoyp = Apgp = — tan(Aby)dpg,,.
bpwgw = bpow = Dpww
bpwyp = bpay = —tan(Aby)bp,y,; (A13)
Apgagp = Apjp = APge>
apgow = Apj, = @N(AOy)apyy,
begep = bpjp = brgys
bpgw = bpje = tan(A0y )b, (Al14)

From (A7) to (A14) we obtain the coupling constants to be
inserted in (C34) and (C23).

The deviation Afy from the ideal mixing in (A5) can be
estimated through the decay widths of ¢ — 7% and @ —
7% (2° is assumed not to have any s§ component); see
Eq. (B2) of [64]. Using the most recent values from [81] we
have

-0.137

Irn" (A15)

g wyn®

and Afy = arctan(0.076) = 4.35°. In Refs. [92-94] a
smaller value was found, A8y, ~3.7°. In the following
we shall use this latter value for A6y,.

APPENDIX B: PHOTOPRODUCTION OF
AND ¢ MESONS

In order to estimate the coupling constants ap,, and
bpy, We consider the reaction yp — wp. It is known, that
in order to describe the intermediate yp energy region we
should include not only Pomeron exchange but also
subleading Reggeon exchanges. In Fig. 28 we show the
two diagrams with diffractive exchanges which we shall
take into account in our analysis. The diffractive amplitude
for the yp — wp reaction represented by the diagram (a) of
Fig. 28 can be treated analogously as for the yp — p°p
reaction, see Sec. I and Eqgs. (2.9)-(2.11) of [52], but with
the replacements: m, — m,,, y, — 7, (see (3.25) of [47]),
Appp = APww> bPﬂp - b[F"ww' Afrepp = Afjpow> bszp/) -
bt qw0- In our case (yp — wp) the a,p-Reggeon exchange
cannot be neglected due to the large value of the y-p°
coupling constant; see (3.23)-(3.25) of [47]. The propa-
gators for P, for, and a,p will be taken as in (3.10), and
(3.12), respectively, of [47]. The couplings of P, f,r, and

3To calculate the coupling constants the expression (C8) was
used; see (31) of [64].

’(valpo e Mf e

p p p p

() (b)

FIG. 28. Photoproduction of an @ meson (a) via Pomeron and
subleading Reggeon exchanges, and (b) as a result of ¢-» mixing.

a,p to the proton will be taken according to (3.43), (3.49),
and (3.51), respectively, of [47]. Here, in analogy to
yp = p’p, we take A3 =0.5 GeV? in the form factor
Fuy(t); see (2.11) of [52] and (3.34) of [47]. In Fig. 28
the diagram (b) represents the ¢-@w mixing term to the
process yp — wp. The procedure for determining the
appropriate constants for this process is outlined below;
see Egs. (BS), (B6).

In order to estimate the relevant coupling parameters we
shall assume that the frrw® couplings are similar to the
forpp ones. Then we take the default values for the forpp
and a,ppw couplings estimated from VMD in Sec. 7.2,
Eqgs. (7.31), (7.32), (7.36), and (7.43), of [47]:

Afrpww X Af,ppp = 2.92 (36\7_37

brvww by pp = 5.02 GeV, (B1)

Qp = 2.56 GeV3, b, ., =468 GeV™'. (B2)

In (B2) we assume that both coupling constants are
positive. To estimate the Pww coupling constants we use
the relation:

zmt%)a[pw(u + wa(u = 4/B[F°7m =7.04 GeV™! ’ (B3)
in analogy to the corresponding one for the p meson; see
(7.27) of [47] and (2.13) of [52]. Note that ap,, must be
positive in order to have a positive @ p total cross section for
all w polarizations. This follows from (7.21) of [47]
replacing there the p by the @ meson.

In Fig. 29 we show the cross sections for the yp — wp
reaction together with the experimental data. From the
comparison of our results to the experimental data, taking
first only the diagrams of Fig. 28(a) into account, we found
that even a small (and positive) value of the ap,,, coupling
leads to a reduction of the cross section. Therefore, for
simplicity, we choose ap,,, = 0 in (B3). The black solid
line corresponds to the calculation including only the terms
shown in the diagram (a) of Fig. 28. We used here the Pow
coupling constants

Apge = 0, bpyy = 7.04 GeV~! (B4)
and the parameters (B1) and (B2) for the Reggeon
exchanges. We recall that for all exchanges participating
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FIG. 29. Left panel: The elastic @ photoproduction cross section as a function of the center-of-mass energy W,,,. Our results are
compared with the ZEUS data [95] (at y p average c.m. energy (W, ,) = 80 GeV) and with a compilation of low-energy experimental
data (open circles; see the caption of Fig. 2 of [24] for more references). The black solid line corresponds to results with both the
Pomeron and Reggeon (f>r, arr) exchanges. The black long-dashed line corresponds to the Pomeron exchange alone while the black
short-dashed line corresponds to the Reggeon term. In the calculation we used the parameters of the coupling constants given by (B1),
(B2), and (B4). The blue solid line corresponds to the complete result including the ¢-@ mixing effect (for the P exchange) with the
parameter set A (B5). Right panel: The differential cross section for the yp — wp reaction at W,, = 80 GeV. Our complete results,
without (the black line) and with (the blue line) the mixing effect, are compared to the ZEUS data [95].

in the diagram (a) we take A3 = 0.5 GeV? in the form
factor Fy,(t); see (3.34) of [47].

Now we include the off-diagonal terms from the diagram
of Fig. 28(b). For estimating the coupling constants apj,,
and bp;,, we use (Al4) and the determination of ap,, and
bp gy from the discussion of the yp — ¢p reaction below.
We get with the sets A and B, respectively, with A9y, = 3.7°

setA: apg, = 0.05 GeV3, bpj, = 0.23 GeV!,

2 _ 2.
A2 s, = 1.0 GeV2; (BS)
setB: apj, = 0.07 GeV™>,  bpj, = 0.19 GeV™,
2 _ 2
A2 g = 40 GeV2. (B6)

In a similar way the coupling parameters for f,r exchange,
as, g and b, ;.. can be obtained. However, the for¢¢

(b)

FIG. 30. Photoproduction of a ¢p meson (a) via Pomeron and
subleading f,r exchanges, and (b) as a result of ®-¢p mixing.

couplings are expected to be very small. In practice, we do
not consider an f,gr-exchange contribution from the dia-
gram of Fig. 30 below. Here, we neglect also the f,p
exchange from the diagram of Fig. 28(b).

The blue solid line in Fig. 29 corresponds to the
calculation including in addition to the processes from
diagram (a) of Fig. 28 the ¢-w mixing effect for the
P exchange [see diagram (b) of Fig. 28]. Our model
calculation describes the total cross section fairly well*
for energies W,, > 10 GeV. At low yp energies there

are other processes contributing, such as the z°-meson
exchange, and the w bremsstrahlung; see, e.g., [24,96] for
reviews and details concerning the exclusive @ production.
We nicely describe also the differential cross section
do/d|t]. We have checked that the complete results
including the ¢-» mixing effect with sets A (B5) and B
(B6) differ only marginally.

Next, we discuss the yp — ¢p reaction. At high yp
energies the Pomeron exchange contribution, shown by the
diagram (a) of Fig. 30, is the dominant one; see Sec. IV B
of [57]. As was mentioned in Sec. I, in the low-energy
region the corresponding production mechanism is not well

‘A slight mismatch of our complete result with the ZEUS data
may be due to the fact that the formula given by Eq. (B3),
assuming that at high energies the total cross section for
transversely polarized @ mesons equals the average of the
7 p cross sections, is an approximate relation.
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Left panel: The elastic ¢ photoproduction cross section as function of the center-of-mass energy W, ,. Our results are

compared with the HERA data [79] at W, = 70 GeV and with a compilation of low-energy experimental data (see the caption of Fig. 6
of [57] for references). The upper lines represent results for two parameter sets, set A and set B, including the @ — ¢ transition terms
with (B10), (B11), (B12). Here we take in (2.19), in set A (B8), Ajp,,; = 1.0 GeV? and, in set B (B9), Ajp,; = 4.0 GeV?. The lower
red line represents the result for the diagram (a) of Fig. 30 only with the parameter set (B8). Right panel: The differential cross section

do/d|t| for the yp — ¢pp process. We show the ZEUS data at low || (at W

yp = 70 GeV and the squared photon virtuality 0% =0 GeV?,

solid marks, [79]) and at higher |#| (at W, = 94 GeV and Q% < 0.01 GeV?, open circles, [80]). Again, the results for the two parameter

sets, set A (B8) and set B (B9), are presented.

established yet. There the nondiffractive processes of the
pseudoscalar 7°- and ;-meson exchange are known to
contribute and are not negligible due to constructive 7-7°
interference; see, e.g., [64,65]. In addition, many other
processes, e.g., direct ¢ meson radiation via the s- and
u-channel proton exchanges [64,71], s§-cluster knockout
[63], -channel o-, f,(1270)- and f,(1285)-exchanges [70]
were considered. In [70] no vertex form factors were
taken into account for the Reggeized meson exchange
contributions and instead of the f,(1270)-exchange there
one should consider f%-exchange with appropriate param-
eters. However, a peak in the differential cross sections
(do/dt),_, ~ at forward angles around E,~2 GeV
(W,, ~2.3 GeV) observed by the LEPS [97,98] and
CLAS [99] collaborations cannot be explained by the
processes mentioned above. To explain the near-threshold
bump structure the authors of [67,68,71] propose to include
exchanges with the excitation of nucleon resonances. In
[66,69] another explanation, using the coupled-channel
contributions with the A(1520) resonance, was investi-
gated. In [69] the hadronic box diagrams with the dominant
KA(1520) rescattering amplitude in the intermediate state
were treated only approximately in a coupled-channel
formalism neglecting the real part of the transition
amplitudes.

Implementation of the box diagrams in our four-body
calculation is rather cumbersome. On the other hand, we

expect that they do not play a crucial role for the pp —
pp¢ reaction at the high energies of interest to us here.

In Fig. 31 we show the elastic ¢ photoproduction cross
section as a function of the center-of-mass energy W, (left
panel) and the differential cross section do/d|t| (right
panel). To estimate the P¢¢ coupling constants we use
the relation [see Eq. (4.20) of [57]]

2mgapgy + bpgy = 4(2Ppxk — Ppax) = 5.28 GeV~.
(B7)

We show results for two parameter sets, set A and set B,

SetA: (l[p¢¢ =0.81 GCV_3,
A3 pgss = 1.0 GeV2,

b[p)¢¢ =3.60 GeV_l,
(B3)

setB: apyy = 1.15 GeV™3,
Alpyy = 4.0 GeV2,

by = 2.90 GeV~!,
(B9)

which were obtained based on the diagrams (a) and (b) of
Fig. 30 including the diffractive w-¢ transition terms with

apgy = 0, bpgy = —0.46 GeV~!  (B10)
using (A13) and (B4). Similarly we obtain from (A13) and

BI), (B2)
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FIG. 32.  The elastic ¢ photoproduction cross section as a function of W,,, integrated over 7, < || < 1 GeV2. The theoretical results
are compared with a compilation of low-energy experimental data from [100-102], and [62]. The open data points are taken from [70]
(data was obtained there by integrating over the differential cross sections given in [99]). The solid lines correspond to a coherent sum of
Pomeron, f,r Reggeon, pseudoscalar, and scalar exchanges. For the diffractive component (P + R) we take the set A of parameters
from Fig. 31. The results for the pseudoscalar and scalar exchanges shown in the left panel were obtained with the parameters from [64];
see Appendix C, Sec. L. In the right panel, for comparison, we show results obtained for different values of the cutoff parameters in the
pseudoscalar term. Here we take Ajyy = Ayyiz = 1.2 GeV in (C9) and (C10).

Afpip = _tan(AeV)afmww =—-0.19 GeV~?,

brap = —tan(Ay)by, ., = —0.33 GeV~'; (B11)
aaZ[R/’.(lﬁ = tan(Aev)aaZR/)m - _017 GCV_3,
bam/’¢ == tan(Aev)bampm = —0.30 GeV~. (BlZ)

Note that the parameter set (B8) for A(Z)PM = 1.0 GeV? is

different than found by us in Sec. IV B of [57] (see Fig. 6
there)

a[p¢¢ =0.49 GCV_3,
A3y = 1.0 GeV?,

b[p¢¢ =427 GCV_],
(B13)

where the w-¢ mixing effect was not included. For
comparison, the red lower line represents the result without
the w-¢ mixing, i.e., it contains only the terms represented
by the diagram (a) of Fig. 30. We can see from Fig. 31
(right panel) that the parameter set B (B9) for A%,uw b =

4.0 GeV? with the relevant values of the coupling constants
a and b describes more accurately the ¢ distribution.

In Fig. 32 we show the integrated cross section for the
yp — ¢p reaction at low W, , energies. We can see that the
diffractive Pomeron and Reggeon exchanges, even includ-
ing the pseudoscalar and scalar meson exchange contribu-
tions, are not sufficient to describe the low-energy data.
Here we want to examine the uncertainties of the photo-
production contribution due to the meson exchanges in the ¢
channel. In the left panel, for the meson exchanges, we use

the values of the coupling constants and the cutoff
parameters from [64] while in the right panel we choose
Ay = Ngyir = 1.2 GeV in (C9) and (C10) below.

Our extrapolations of the cross section, using the theory
applicable at high energies, represents the experimental
data roughly on the average. But the scatter of the
experimental data is quite considerable. Thus, it is impos-
sible for us to draw any further conclusions concerning
these low-energy results at the moment.

APPENDIX C: SUBLEADING CONTRIBUTIONS
TO ¢ CEP

In this section we discuss the following subleading
processes contributing to pp — pp¢. The fusion processes
y-n°, yn, y-f, and y-f,, y-ay, and fusion processes
involving vector mesons ¢-P, o-P, w-fr, p-1°, o,
and w-1’. We can have also @-f, and w-f} contributions.
But these contributions are expected to be very small since
the ¢ is nearly a pure s5 state, the w nearly a pure uit + dd
state. In the following we shall, therefore, neglect such
contributions.

Below we present formulas for ¢ production with
subsequent decay ¢ — KTK~. The formulas for ¢ pro-
duction are obtained from those by the replacement (2.25).

The discussions of the subleading processes for ¢p CEP
are very important for the comparison of our theory with
the WA102 experimental results. See in particular Figs. 5
and 6 of Sec. IVA. At LHC energies the subleading pro-
cesses should be negligible for mid-rapidity ¢ production.
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FIG. 33. The Born-level diagrams for central-exclusive pro-

duction of ¢ decaying to K™K~ in proton-proton collisions with
pseudoscalar meson M exchange: (a) y-M fusion; (b) M-y fusion.

In Secs. C1 and C2 of this Appendix we discuss y-
pseudoscalar- and y-scalar-fusion contributions to ¢ CEP.
The couplings which we find there can also be used to
calculate subleading contributions to photoproduction of
the ¢ meson. The corresponding results are shown together
with the leading contributions in Fig. 32 of Appendix B.

1. y-pseudoscalar-meson contributions

First we consider processes with pseudoscalar meson
M = 7°, .5 exchanges. The generic diagrams for these
contributions are shown in Fig. 33(a), (b). We have for the
total y-pseudoscalar-meson-fusion contribution

(3)M(¢—’K+K7)

(yM)
Z (Mpyp*ppK*K’ +Mpp—>ppK*K )

The y-M amplitude can be written as

M;yﬁPPK+K* = (—i)ﬁ(pl,/l )ir(”7p)(pl’pa)u(pa”1“>
x iA "”‘(ql)lrpzp, >(P34vQ1)
< iADPr (pa )iTPKE) (b3 py)
x IAM) (ty)id(py. Ap)iTMPP) (py, py)

X u(pp: Ap)- (€2)

For the M—proton vertex we have (see (3.4) of [55])

T (', p) = =y5gi1,, FPPP) ((p' = p)?).  (C3)

We take g,,, = v4n x14.0, g,,, = V4r x0.99; see
Eqgs. (28) and (29) of [64]. 3
An effective Lagrangian for the ¢y M coupling is given in

(22) of [64]

= 8 s () (0,A5) M

oo = m, (C4)

with Ay the photon field and g, ;; a dimensionless coupling

pp—ppKTK™ . ~ . .
M= constant. From this we get the ¢yM vertex, including a
form factor, as follows
(C1)
|
P34 ¢H
e
P34 — 1 Phd
e
% o
qu\ Vo
(M) _ ngvM M), 2 2 2
iy (paa, 1) = —ie— p eyvpor Paus F9"™ (03, a3, (pas — q)?) -
I
We use a factorized ansatz for the ¢pyM form factor with V = p9 for M = 7° and V = o for M = 5,7’ For the
form factors F(V) we choose the form as for F¢) in (2.20)
Eri)(p2, @2 (psy — q1)?) replacing ¢ by V = p?,w. .
)¢ 2\ E(@) (ril) 5 The effective couphr}g constant g, ; is related to the
= F\"(q 1)F (P WF ((P3a—q1)°)- (Co) decay width of ¢p — yM, see (31) of [64],

Based on considerations of the vector-meson-dominance
model (VMD) we write the F(*) form factor as

~ m ~
FO(q}) = "= FY(q}) (C7)
my —qj

« ()’

1) = 3 s (c8)

|g¢yﬁ7l|2'

Using the most recent values from [81], and taking
the negative signs as in [64], we have found Ipyn® =
—0.137, g4, = —0.705, and |g,,,| = 0.726. Note that
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|9gyn'| > |94y|. But the contribution of #' exchange is
suppressed relative to the 77 exchange because of the heavier
mass occurring in the propagator and of the smaller value of
Gu'pp = Inpp /2, where we follow [64]. However, we note
that there is no consensus on this latter relation in the
literature. In [103] g,/,, = 6.1 and g,,, = 6.14 are given.

We follow [64 65,69] and use monopole ansitze for the
form factors F(MPP) (C3) and F¥™) (C6)

2 2
F(Mpp)(t) AMNN mM (Cg)
A —t
MNN
_ 2 —m>
Flrm) () = M. (C10)
oM !

The cutoff parameters A,yy = 0.7 GeV, Ay, = 0.77 GeV,
Ayvy = 1.0 GeV, Ay, = 0.9 GeV are taken from [64].

To examine uncertainties of the photoproduction con-
tribution in the pp — pp¢ reaction we intend to show also
the result with Ayyy = 1.2 GeV and A,z = 1.2 GeV in
(C9) and (C10), respectively, which are slightly different
from the values given in [64]. This choice of parameters
was used in [68]; see Sec. II B there.

In Appendix B we discuss the yp — ¢p reaction. There
we compare our model calculations for different parameter
sets with the experimental data.

Inserting (C3)—(C10) in (C2) we can write the amplitude
for the yM exchange as follows

(rM)

pp—ppKTK~

o i ,
=ie’i(py.4y) 70’F1(11>+2—‘7aa (P1=Pa)uFa(t1)
n,
1 gyit

X ”(pavﬁa)a mg

9pK+K-
x AP (p3)™ 5 (3= s FHR(p3y)
1

XﬁgMppF(Mpp>(IZ)ﬁ(pZ’/‘LZ)}/5u(pb7)“b)'
2 My

EpapoPoad T E ™ (pdy.q3.43)

(C11)

The amplitude Mpp_,pp Kt
the replacements (2.23).

- 18 obtained from (C11) with

2. y-scalar-meson contributions

Next we turn to the amplitudes for ¢ production through
the fusion of y with scalar mesons S = f(500), f((980),
and a((980). Their contribution is

(4) A=K K7)
pp—ppK K~

1+ MBS

pp—wpK*K‘)'

_ Z (M(}’S)

pp—ppK* K~
8=10(500).f0(980),a0(980)
(C12)

The generic diagrams for these contributions are as in
Fig. 33 with M replaced by S. The same applies to the
analytic expressions. We get M5 from MM in (C2)
replacing F,()f},’fm, AN and TWrp) by TS A(S) | and
5rp) | respectively. We use the followmg expressions

for the S-proton and for the ¢yS effective coupling
Lagrangians, see (34) and (35), respectively, of [64],

‘Cgpp = gSppﬁpS’ (C13)
eg
L5 = m"zs (07909 (0Ay — pA,)S.  (Cl4)

From these we get the vertices including form factors, as
follows, where the momentum flow and the indices are

chosen as for the M pp and ¢y M vertices, respectively, see
(C3) and (C5),

TSP (p', p) = igs,, FSPP)((p' = p)?),  (C15)
. S 9epys
lF,(,(fY )(P34» q1) = ,:Z [QIﬂp34D — (P3s- Q1)9,w]
x F)(pd,. q3.(psa — q1)?).  (C16)

For the contributions of scalar exchanges we take the para-
meters found in Appendix C of [64]: gy, (500) = 0.047,
9ros00pp = V4T X 8.0 gy 1,080 = —18L. gr(980)pp =
0.56, gpyay980) = —0. 16 Gao(980)pp = 21.7. For f((500)
the monopole form of the form factors as in (C9) and
(C10) with M replaced by f,(500) and Agy (500NN =
Agyro500) =2 GeV is used. For the heavier mesons
[fo(980) and a((980)] the following compact form is
used [64]:

A

W s AS = 0.6 GeV.

FOee) (1) F@rS) (1) =
(C17)

The final expression for the yS-exchange amplitude in
(C12) reads

(rS)
pp—ppK K-
_ i ,
= e%i(py. Ay) [v°F (1)) +m0’aa (P1 = Pa)oa Fa(th)
p
U(PasAa)
L 9gys -
X t_:z; [Q1ﬂp34a (P34~ Q1)9ﬁa]FWS) (P%zw Q%’ Q%)
b 9pKTK-
x AP (p) 5 (ps = pa) ) (p3,)
1 _
X ﬁQSppF(Spp)(fz)“(Pz,/12)“(19;7,ﬁb)- (C18)
12 - ms
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FIG. 34. The Born-level diagrams for diffractive production of
a ¢ meson with the subsequent decay ¢ — K+K™: (a) Reggeon-
Pomeron fusion; (b) Pomeron-Reggeon fusion.

For M (S7)

ppoppKiK- WE have to make the replacements
(2.23).

3. ¢-P and w-P contributions

Here we discuss two approaches, Reggeized-vector-
meson-exchange approach (I) and Reggeon-exchange
approach (II). For the second approach the corresponding
diagrams are shown in Fig. 34.

First we consider the contributions through the vector
mesons V = ¢ and w:

(5) pqlo—KKT) (ve) (PV)
Mpp-wpK*K_ B VZ;; <MPP—’PPK+K‘ T MPP—WPK”(")'
=Q,w

(C19)

The amplitude for the V[P-exchange can be written as

(VP)
pp—ppK K~

= (—l.)ﬁ(pl,ﬂl)ir;(tvplﬁ(plv pa)u(pavlla)
x iAWYk, (ql)iF(PV(ﬁ) (P3a-q1)

pap1af

X iA(¢)p2K(p34)iFl(<¢KK) (p3’ p4)

x IAPIBN (5, 1)ii( Py da)iT " (pas po) (P Ap)-
(C20)

The V-proton vertex is

(V. . . K v
ir?P) (p', p) = —igy,, FYPP) (1), — l#%u(l’, -p)l
P

(C21)

with the tensor-to-vector coupling ratio, ky = fy,,/9vpp-
Following [103] we assume k; = k,, to be in the range
~+0.5, ggpp =—0.6 and g,,, =9.0; see also [104].
Thus, the tensor term in (C21) is small and in the
calculation we take the vectorial term only with g,,, =
—0.6 and g,,,, = 8.65. This latter value was determined
in Sec. 6.3 of [47] and, as discussed there, we
assume Go,,p = Yo pp-

We also make the assumption that the 7-dependence of
the V-proton coupling can be parametrized in a simple
exponential form

2
t—m}

F(VI’P)(Z‘) = exp(
A%/NN

This form factor is normalized to unity when the vector
meson V is on its mass shell, i.e., when t = m%,
The amplitude for the V[P-exchange can now be

written as

(ve)
pp—ppK*K-

= _ingpF(Vpp)<tl)ﬁ(plvll)yau(pa’ jta)
1% 9pK+K-
x AP (1) AP (p3) - (ps = pa ) FOKR (p3y)

2
X [ZGPWFESKA(P% -q1) - bumv¢r/(;2a)u(1734, -q1)]
- . 1 ) ~
x Fu(a3) FY (g1 FP (p3y) 25, (=isy0p) ™) 3ppy

X Fy(12)i(p2. A2)[r*(p2 + py) Ju(pi. ). (C23)
For the P¢¢ and Pw¢ coupling vertices and constants see
the discussion in the Appendices A and B.

For small values of s; = (p; + p34)* the standard form
of the vector-meson propagator factor A(TV>(t1) in (C23)
should be adequate; see (2.16) for V = ¢. For higher values
of s; we must take into account the Reggeization. We do
this, following (3.21), (3.24) of [58], by making in the
amplitude M(V?) (C23) the replacement

AV (1) = A (1)) (exp(i(s1)) sy ) (=1, (C24)
o) =gew (M) 5 )

where sy, is the lowest value of s; (2.4) possible here:
(C26)

S = (m, + 2my)?.

Note, that in (C24) we take s,a}, instead of s,/sy, as in
(3.21) of [58]. We assume for the Regge trajectories

ay(t) = ay(0) + a1, V=¢,w, (C27)
as(0) =01, o, =09GeV2  (C28)
a,(0) =05, o, =09 GeV2  (C29)

see Eq. (5.3.1) of [105].

Alternatively, we shall consider the exchange of the
Reggeons ¢ and wp instead of the mesons ¢ and w as
discussed above. We recall that C = —1 exchanges
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(wg, ¢r) are treated as effective vector exchanges in our
model. In order to obtain the wp P-exchange amplitude we
make in (C20) the following replacements:

L7 (propa) = T8 (pr.pa).  (C30)
A(V)ﬂf)l (ql) - A(wR)W)' (Sl,l]), (C31)
PV P,

F;zl)l(z;(p34’ q]) - F;zﬂlui%)(p:%’ CII)' (C?’Z)

We take the corresponding terms (C30) and (C31) from
(3.59)-(3.60) and (3.14)—(3.15) of [47], respectively. In
(C32) we use the relations (A13) and (B10) and we take the
factorized form for the Pwr¢ form factor

FPoed) (g2 g3, p3,) = Fuy(a3)Fu(a?)FP (pl,)

with Fy;(g?) as in (2.19) but with A3 = 0.5 GeV? and
F@)(p3,) = F9XK)(p2)); see (2.21). Then, the wgP-
exchange amplitude can be written as

(C33)

(oRP)
pp—ppKTK~

. _ | _
= lgprpFl(tl)u(plvAl)yau(pmﬂa)w<_1S1a;u|R)awR(tl> ]

1) 9pk+K-
x AP (p3,) ¢T (p3 — pa) FYKK) (p3,)

0 2
X [Zapwwr/(so?m(l?m’ —611) - waRcﬁF;a)m(PM, —91)]
1
x FP=0)(q3, 43, p3y) 35 (—isap)® )71 3fpyy
$2

X Fi(t)ia(pr. 20)[y*(p2 + pp)u(pp. Ap). (C34)

We use for the parameter M _ in the wr propagator the value
found in (3.14), (3.15) of [47]

M_ =141 GeV. (C35)
In a similar way we obtain the ¢grP-exchange amplitude.
We assume that g, ,, = gppp-

The M®Y) and M®V#) amplitudes are obtained from
(C23) and (C34), respectively, with the replacements
(2.23).

For the WA102 energy, /s = 29.1 GeV, also the sec-
ondary f,r exchange may play an important role. Setting
V/S1~+/$2 [\/s1 and /s, are the energies of the subpro-
cesses p(p.)P(q2) = p(p1)¢(pss) and p(p,)P(q)) —
p(p2)p(pas), respectively] and using the relation s;s, ~
smé we obtain \/El' ~ \/E‘ ~ 5.4 GeV. Therefore, in inter-
preting the WA102 data it is necessary to take possible
contributions from -f,gr and wg-for exchanges into
account, in addition to the w-P and wgr-P exchanges.

In a way similar to (C20)—(C34) we can write the
amplitudes for the w-f,r and wr-f,r exchanges, since

both, P and f,r exchange, are treated as tensor exchanges
in our model. The effective f,p-proton vertex function and
the f,p propagator are given in [47] by Egs. (3.49) and
(3.12), respectively. As an example, the wp f,r-exchange
amplitude can be written as in (C34) with the following
replacements:

ap(t) - (ZR+<[>, (C36)
3ony — 9fwmpr ’ (C37)
M,
Apwyp 7 Afspard wale) - bfZRwR¢’ (C38)
FPord) _y F(frrord) (C39)

We take ag (1) =oar (0) +ag 1, ag (0) = 05475,
ap_ =09 GeV™? from (3.13) of [47] and g, ,, =
11.04, My=1GeV from (3.50) of [47]. For the
Sforwre coupling parameters we assume that ay .4 =
Afroips Vfymonp = Drpap and use the relations (B11). We
assume that FUxrord) = F(Pord) (C33) and take A} =
0.5 GeV>.

In addition, we could have also the p-a,p and pr-drg
exchanges, but the couplings of pp and a,p to the protons
are much smaller than those of wgr and f,r; see (3.62),
(3.52), (3.60), and (3.50) of [47]. Therefore, we neglect the
p-arp and pr-a,r terms in our considerations.

4. p-n° contribution

Finally, we consider the contribution from pz°, respec-
tively ppz’, fusion.

(6)M2q;i§;[1<<_+)x- - Mgﬁ)ppK*K‘ + M;’ii)PPK*K" (C40)
For the p—ﬂo amplitude we have

(pn°)

pp—ppKTK-
= (=0)a(p1. 2T (pr. p)u(pas 2)

x i APk (611)1'F/(35f0) (P34 1)

X iA<¢)/’2K(p34)iF;(c¢KK> (3. Pa)

x iAP) (ty)d(pa. 1) iTEPP) (py, py)u(py. ). (CA1)

The p-proton vertex is given by (C21) and (C22) with
V = p. The ¢px° vertex is as the ¢pyM vertex in (C5) with
the replacements

vy=p, M — ”O’ €9¢yM 7 Gppr°- (C42)
The proton-z° vertex is given in (C3).
Then the p-z° amplitude can be written as
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(p°)

o g 7 a . K Q0
MPP—»ppK+K’ - lg/)PPF(/pp)(tl)u(plvll) P =iz 0" (p1 = Pa)e | 4(Pus Aa)

2mp

9pK+K-
x AV (1) A (p2,) 2K (py — pu )P FOKK) (p2)

94 I % 70
X m—Zeﬂapgp§4QTF W) (g} FD (p3,)FPrm) (43)

1

X ﬁgﬂoppF(ﬂopp“h)ﬁ(pZa 22)1su(Pps Ap)-
t2 —m7,

Y

We take g,,, = 3.72, k, = 6.1, and g,,, = —1.258 from
[69]. Here we choose monopole form factors (C9) and
(C10) with Apop,p = 1.2 GeV and Ny = 1.2 GeV, re-
spectively. However, in [103] smaller numerical values can
be found, g,,, =2.63-3.36 and g,,, = —0.65, respec-
tively. Therefore, our result should be considered rather
as an upper limit for the p-z° contribution.

The Reggeization of the p-meson propagator in the
t-channel in M®*") is taken into account here by the pre-
scription (C24) for V = p. We assume for the p trajectory

= a,(0) + at,
o, = 0.9 GeV2.

(C44)
(C45)

a,(1)

,(0) = 0.5,

P

The amplitude M*?) is obtained from M) (C41) by
the replacements (2.23).

In principle we can also have w-n and w-n’ fusion
contributions. gy,, and g, cannot be obtained from
mesonic decays. Then one could rely only on models.
Due to these model uncertainties of the coupling constants
for the w-# and w-1 fusion processes we neglect these
contributions in our present study.

APPENDIX D: THE COLLINS-SOPER FRAME

To make our present article self contained we give here
the definition of the Collins-Soper (CS) frame used in our

(C43)

|
paper; see [59] and for general remarks on various reference
frames of this type Appendix A of [39].

We go to the KT K~ or utu~ rest frame for studying the
reactions (2.1) or (3.1), respectively. Let p,, p; be the three-
momenta of the initial protons in this system. We define the
unit vectors

Pa :pa/|pa|’ Dy :pb/lpb|' (Dl)
The CS frame is then defined by the coordinate-axes unit

vectors

e — ﬁa +ﬁb
YO bu bl
e _ ﬁa Xﬁb
2S T by x Pyl
Pa — P
e3cs = bl (D2)
a

The angles O+ s and ¢k s, respectively 6,+ s and
&+ cs» are the polar and azimuthal angles of the momen-
tum vector p5 in this system. We have then, e.g.,

cos g+ cs = P3 - €3 cs. (D3)
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