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We present a study of the central exclusive production of the KTK~ pairs in proton-proton
collisions at high energies. We consider diffractive mechanisms including the K™K~ continuum, the
dominant scalar f(980), fo(1500), fo(1710) and tensor f,(1270), f,(1525) resonances decaying into
the K™K~ pairs. We include also photoproduction mechanisms for the nonresonant (Drell-Séding) and
the ¢(1020) resonance contributions. The theoretical results are calculated within the tensor-Pomeron
approach including both Pomeron and Reggeon exchanges. Predictions for planned or current
experiments at RHIC and LHC are presented. We discuss the influence of the experimental cuts on the
integrated cross section and on various differential distributions for outgoing particles. The
distributions in two-kaon invariant mass, in a special “glueball filter variable,” as well as examples
of angular distributions in the K"K~ rest frame are presented. We compare the ¢(1020) and
continuum photoproduction contributions to the f;(980) and continuum diffractive contributions and
discuss whether the ¢(1020) resonance could be extracted experimentally. For the determination of
some model parameters we also include a discussion of K-nucleon scattering, in particular total cross

sections, and of ¢(1020) photoproduction.
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I. INTRODUCTION

Diffractive exclusive production of light mesons
mediated by double Pomeron exchange is expected to
be an ideal process for the investigation of gluonic
bound states (glueballs) due to the gluonic nature of the
pomeron. Such processes were studied extensively at
CERN starting from the Intersecting Storage Rings
(ISR) experiments [1-6], later at the Super Proton
Synchrotron (SPS) in fixed-target experiments by the
WA76 and WA102 collaborations [7-14], and more
recently by the COMPASS collaboration [15,16]. For
reviews of experimental results see for instance [17-19].
The measurement of two charged pions in pp collisions
was performed by the CDF collaboration at Tevatron
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[20]. Exclusive reactions are of particular interest since
they can be studied in current experiments at the LHC by
the ALICE, ATLAS, CMS [21], and LHCDb collabora-
tions, as well as by the STAR collaboration at RHIC
[22,23]. In such experiments it is of great advantage for
the theoretical analysis if the leading outgoing protons
can be measured. There are several efforts to complete
installation of forward proton detectors. The CMS
collaboration combines efforts with the TOTEM col-
laboration while the ATLAS collaboration may use the
ALFA sub-detectors. Also the STAR experiment at
RHIC is equipped with detectors of similar type.

On the theoretical side, the main contribution to the
central diffractive exclusive production at high energies
can be understood as being due to the exchange of two
pomerons between the external nucleons and the cen-
trally produced hadronic system. We believe that the soft
pomeron exchange can be effectively treated as an
effective rank-2 symmetric-tensor exchange as intro-
duced in [24]. In [25] it was shown that the tensor-
Pomeron model is consistent with the experimental data
on the helicity structure of proton-proton elastic scatter-
ing at /s =200 GeV and small |¢f| from the STAR
experiment [26]. The paper [25] also contains some
remarks on the history of the views of the Pomeron spin
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structure. In [27] the central exclusive production of
several scalar and pseudoscalar mesons in the reaction
pp — ppM was studied for the relatively low WA102
energy. Then, in [28], the model was applied to the
reaction pp — pprx~ at high energies including the
7"z~ continuum, the dominant scalar f(500), f((980)
and tensor f,(1270) resonances decaying into the 7z~
pairs. The resonant p° and nonresonant (Drell-Soding)
#tn~ photoproduction was studied in [29]. In [30], an
extensive study of the reaction yp — ztz~p was pre-
sented. The p° meson production associated with a very
forward/backward zN system in the pp — ppp°z® and
pp — pnp®nt processes was discussed in [31]. Also the
central exclusive #tz~ 2"z~ production via the inter-
mediate 6o and p°p° states in pp collisions was studied
in [32]. Recently, in [33], the central exclusive produc-
tion of the pp in the continuum and via scalar reso-
nances in pp collisions was studied.

Some time ago two of us considered the exclusive pp —
ppK T K™ reaction in a simple Regge-like model [34]. The
Born approximation is usually not sufficient and absorption
corrections have to be taken into account, see e.g. [35,36].
In [34] the production of the diffractive K™ K~ continuum
and of the scalar y,, meson decaying via y.o — KTK~ was
studied. For other related works see [37] for the pp —
pprtr reaction, [38] for the exclusive f(1500), and [39]
for y.) meson production.

In [40] a model for the exclusive diffractive meson
production in pp collisions was discussed based on the
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FIG. 1. The Born diagram for double-Pomeron/reggeon central
exclusive scalar and tensor resonances production and their
subsequent decays into KT K~ in proton-proton collisions.
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convolution of the Donnachie-Landshoff parametrization
of the Pomeron distribution in the proton with the
Pomeron-Pomeron-meson total cross section. In this
approach the cross section is calculated by summing
over the direct-channel contributions from the pomeron
and two different f; and f, trajectories associated to the
glueball candidate f,(980) and the f,(1270) resonances,
respectively. Also the f,(500) resonance contribution
dominating the small mass region and a slowly increas-
ing background were taken into account. The absolute
contribution of resonances, e.g. of the f,(980) and the
f2(1270), to the total cross section cannot be derived
within this approach, and must hence be deduced from
experimental data. But the relative weights of the various
resonances on one trajectory are correlated by the
duality argument made in [40].

The aim of the study presented here is the application
of the tensor-Pomeron model to central exclusive pro-
duction of K™K~ pairs in pp collisions. We wish to
show first predictions in the tensor-Pomeron approach
for the production of the diffractive K™K~ continuum, of
the scalar f((980), fo(1500), fo(1710), and the tensor
f2(1270), f%(1525) resonances decaying into K™K~
pairs. This model, being formulated at the amplitude
level, allows us also to calculate interference effects of
the various contributions. In the following we wish to
show differential distributions which can be helpful in
the investigation of scalar and tensor resonance param-
eters. Therefore, we shall treat each resonance in its own
right and shall not a priori suppose any correlations of
the coupling parameters of different resonances. In
addition the resonant ¢(1020) and nonresonant (Drell-
Soéding) K™K~ photoproduction mechanisms will be
discussed. So far the cross sections for the exclusive
pp — pp¢(1020) reaction were calculated within a
pQCD k,-factorization approach [41], and in a color
dipole approach [42,43].

II. EXCLUSIVE K*K~ PRODUCTION

We study central exclusive production of KTK~ in
proton-proton collisions at high energies
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FIG. 2. The Born diagrams for double-Pomeron/Reggeon central exclusive K™ K~ continuum production in proton-proton collisions.
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TABLE L
and branching fractions are taken from PDG [44].

A list of resonances, up to a mass of 1800 MeV, that decay into K™ K~ and/or #" z~. The meson masses, their total widths I"

Meson 16J7¢ m (MeV) ' (MeV) T'ke/T I,./T Other decay modes
fo(500) 0O+ 400-550 400-700 - Dominant vy
p(770) 171" 769.0 + 1.0 151.7 £2.6 - Fete —

f0(980) 0to+* 990 + 20 10-100 Seen Dominant vy
a(980) 170+ 980 + 20 50-100 Seen - 0, vy
$(1020) 0717  1019.460 +£0.016  4.247 £0.016 WTK- — 0.489 + 0.005 - KYKS, 3z, ny
f2(1270)  0F2* 1275.5+0.8 186.7172 00460007 08427050 4m, vy
a>(1320)  172+* 1318.1 £ 0.7 109.8 +2.4 0.049 + 0.008 - 3z, nx, wrrw, vy
£o(1370)  0tO+ 1200-1500 200-500 Seen Seen 4z (op), 1, 7y
ay(1450) 1-0** 1474 + 19 265+ 13 0.082 £ 0.028 - zn, 717 (958), vy
fo(1500) 070+ 1504 + 6 109 + 7 0.086 =+ 0.010 0.349 + 0.023 Az, n, q (958)
£4(1525)  ot2+ 1525 +5 7376 0.887 + 0.022 (82+1.5) x 1073 . vy
£,(1640) 02+ 1639 + 6 99:+60 Seen - 4r, 0w
$(1680) 071" 1680 + 20 150 + 50 Seen - KK*(892)
p3(1690) 1737~ 1696 + 4 204 + 18 0.0158 + 0.0026 0.236 +0.013 4z, KKrn
p(1700) 11 1740.8 £22.2 187.2 £26.7 Seen Seen 4r (prr)
a,(1700) 1-2++ 1732+ 16 194 £+ 40 Seen - nr
fo(1710)  0T0** 172378 139+38 Seen Seen n, o

p<pa7/1u> + p(pbvﬂb)

= p(p1.41) + K7(p3) + K~ (ps) + p(p2. 2),  (2.1)
where p, ;. p1o and 4, A1, € {+1/2,—1/2}, indicated
in brackets, denote the four-momenta and helicities of the
protons, and pj 4 denote the four-momenta of the charged
kaons, respectively.

The full amplitude of K™K~ production is a sum of
the continuum amplitude and the amplitudes with the
s-channel resonances:

_ KK—continuum K K—resonances
MPP_’PPK+K_ - Mpp—)ppK*K_ +Mpp—>ppK+K_ :

(2.2)
The amplitude for exclusive resonant K™ K~ production via
the Pomeron-Pomeron fusion, shown by the diagram of
Fig. 1, can be written as

KK—resonances __

([P’[P’—»foal(*K_)+M(PIP—>f2—>K+K_)
pp—ppK*K~

pp—ppKTK~ pp—ppKT K-

(2.3)

As indicated in Fig. 1 also contributions involving non-
leading Reggeons R: pr (p Reggeon), wr (@ Reggeon),
for (f» Reggeon), arp (a, Reggeon) can contribute.
The relevant production modes via (C;, C,) fusion' giving
resonances are listed in Table II of [28]. However, in the
present paper we shall consider only resonance production

'Here €, and C, are the charge-conjugation quantum numbers
of the exchange objects and Cy, C, € {+1,-1}.

by Pomeron-Pomeron fusion in order not to be swamped by
too many, essentially unknown, coupling parameters.

Turning now to continuum diffractive KK~ production
shown in Fig. 2 we have again Pomeron and Reggeon
contributions. Here we will be able to extract all relevant
coupling parameters from the kaon-nucleon total cross
section data. Therefore, we shall include in the calculation
Pomeron and Reggeon exchanges. In this way we will also
get an estimate of the possible importance of the latter
exchanges. In the following we treat the C = +1 Pomeron
and the Reggeons R, = for.ar as effective tensor
exchanges while the C = —1 Reggeons R_ = wp, pr are
treated as effective vector exchanges.

In Table I we have listed intermediate resonances that
contribute to the pp — ppK*K~ and/or pp — pprtn~
reactions.

III. DIFFRACTIVE CONTRIBUTIONS

A. K*K~ continuum central production

The generic diagrams for diffractive exclusive K™K~
continuum production are shown in Fig. 2. At high energies
the exchange objects to be considered are the Pomeron P
and the Reggeons R. The amplitude can be written as the
following sum:

KK—continuum __

tinuun — MPP=K*K") 4 Aq(PR—K'K")
pp—pp

+ M®RP=K'K™) L A\f(RR=KKT) (3 1)

The PP-exchange amplitude on the Born level can be
written as the sum:
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—SKTK™) __ (f)
MEPP=KTED) = M/lﬂzb—»/llzzkw- + M/la/lb—vll/blﬁk" (3'2)
where

MY, e = (S0 AT ED (pr. pau(pa. 2)iACRah (s )0 S8 (p, = p3)ia®) (p,)
x TR (pa, p ) iDPIePatos (5o 1) a( pa, 22Tt (pa. Po)u(Pis 2. (3.3)

e = (DAL AL (1. pa)u(pas 22)iACeah (s, )T 5 (py. p)ia® (p,)

(P . p v _ (P

) TN (p = pa)iA®ILatiens (5, 1) a(py, )Tt (P2 1)t (Ps A)- (3.4)

and  p, = ps—p.+pi
i/ (k* — m%). Furthermore A()

Here p,=p,—pi—p3
iAK) (k) =

ij — (pl + p])z The
and T'PPP) denote the effective propagator and proton vertex function,

normal kaon propagator is

respectively, for the tensorial Pomeron. The propagator of the tensor-Pomeron exchange is written as (see Eq. (3.10)

of [24]):
lAfw)ld( )
and fulfills the following relations
P
A;(w.)lc/l(s’ t) =

P
Al(//l,)K/l(S’ t) ;w lx(s t)

Kﬂ ;w(s t)

Here the Pomeron trajectory ap(t) is assumed to be of standard linear form, see e.g. [45,46],

(Xp(t) = ap(O) + (Xﬁg;f,

as(0) = 1.0808,

1 1 o
4_S <g,ukgyﬁ + gﬂigyk - Eg;wgld> (_lsafp’)( p()-1 (35)
glwAl(‘uZ,)Kﬂ(s’ t> =0, MA;(UJ)K/I( ) =0. (3.6)
ol = 025 GeV~2. (3.7)

The Pomeron-proton vertex function is written as (see Eq. (3.43) of [24])

. (P55 i 1
e (', p) = iR P (p', p) = —i3Ppwy Fi((p' — p>2>{—

5 (P + )y + 1P+ p),] - %g,w(ﬂ’ + ﬂ)}, (3.8)

where fpyy = 1.87 GeV~!. The PKK vertices in the amplitudes (3.3) and (3.4) can be written in analogy to the Pzx
vertices (see (3.45) of [24]) but with the replacement fp,, — fprk,

(PKK (K' k) = —i2Ppgx [(k/ + k), (K + k),

1
- _g;w(k/ + k)2

2 Fy((K = k)?). (3.9)

The form factors, taking into account that the hadrons are extended objects, are chosen as

4m3, —2.79t Foy(t) = 1
(4m2 —1)(1 —t/m})*’ MY T oAy
(3.10)

Fi(t) =

where m,, is the proton mass and m}, = 0.71 GeV? is the
dipole mass squared and AZ = 0.5 GeV?; see Egs. (3.29)
and (3.34) of [24], respectively.

The off-shellness of the intermediate kaons is taken into
account by the inclusion of form factors. The form factors
are normalized to unity at the on-shell point Fy(m%) = 1
and parametrized here in the monopole form

2 2
Aoff,M — mg

Fr(k?) AR
oIT,

(3.11)

where Ay could be adjusted to experimental data.
We take Ay = 0.7 GeV, that is, the same value
as for the pion off-shell form factor in the reaction
pp — pprta~ discussed in [28]. In [28] we fixed a
parameter of the form factor for off-shell pion and a
few parameters of the Pomeron-Pomeron-meson cou-
pling constants to describe the CDF data [20]; see Fig. 9
of [28].
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In our calculations we include both the tensor-Pomeron
and the Reggeon R, and R_ exchanges. In the following
we collect the expressions for Reggeon effective propa-
gators and vertex functions in order to make our present
paper self contained. For extensive discussions motivating
the following expressions we refer to Sec. III of [24].

The ansatz for the C = 41 Reggeons R, = for, aop is
similar to (3.5)—(3.8). The R propagator is obtained from
(3.5) with the replacements

ap(t) = ap (1) = a, (0) + ap 1,
ag_ (0) = 0.5475,

dy =09 GeV~2. (3.12)

In (3.12) and in the following the parameters of the
Reggeon trajectories are taken from [46]. The f,r- and
a,r-proton vertex functions are obtained from (3.8) with
the replacements

fampp
3 2R ,
Beny — —Mo

Ifompp = 11.04, (3.13)
and
Ya
3 2RPP ,
Beny — 7M0
Yarpp = 1.68, (3.14)

respectively. In (3.13), (3.14) and in the following M, =
1 GeV is used in various places for dimensional reasons.
The f,r- and a,r-kaon vertex functions are obtained from
(3.9) with the replacements

9fwmKK
2 == 3.15
Prkx — 2M, ( )
2ppkk — Ju KK ) (3.16)
2M,

respectively. For the C = —1 Reggeons R_ = wg, pp We
assume an effective vector propagator (see Eqs. (3.14)—
(3.15) of [24])

1
A (5.10) = gy oy (—isay )71,

(3.17)

with

AR _ (t) = OR_ (O) + a/R_ty
o (0) = 0.5475,

dy =09 GeV2, (3.18)

M_ =141 GeV. (3.19)

The value of (3.19) is taken from [24] as default value for
the parameter of the propagators for wg and pr exchanges.

For the R_-proton vertices we have (see Eqs. (3.59)—
(3.62) of [24])

in " (pl p) = i (plp) = =il () p)
= _ig(uRppFl ((p/ - p)z)Y;u (320)

irl(tﬂnpp)(p/’ P) _ _ir’(lﬂn'lﬂ) (p/’p) _ —iFLpRﬁm(p/, P)

= _ingppFl((pl - p)z)yw (321)
with
Gogpp = 863,
Gpupp = 2,02, (3.22)

respectively. Note that in (3.21) the vertex function for the
isospin 1 pr Reggeon changes sign when we replace
protons by neutrons. This is also the case for the isospin
1 a,r Reggeon exchange; see (3.51) of [24]. The R_-kaon
vertex (R_ = wg, pr) can be written in analogy to the pg-
pion vertex (see (3.63) of [24])

iF/SR,K*K*)(k/’ k) _ _iF£R7K7K7>(k/, k)
i
= _EQR,KKFM((k/ —k)*) (K + k),

(3.23)

To obtain the Pomeron/Reggeon-kaon coupling con-
stants we consider the following elastic scattering processes
at high energies

K=(p1) + p(p2. ) = K=(p3) + p(pa. ). (3.24)

K*(p1) +n(pa, i) = K*(p3) + n(ps, 4).  (3.25)
We treat (3.24) and (3.25) in analogy to the elastic 7% p
scattering; see section VII of [24]. For the case of the elastic
kaon-nucleon scattering amplitudes we set for p and n also
N(I3) with I3 = +1/2 and I3 = —1/2, respectively. We
obtain
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(K*(p3), N(I3, pas 14)|T|K*(p1), N(I3, p2. %)) = i256),, F1(t)Fp(2) {6ﬁPKKﬁPNN(_i5aP/)ap<t)_l

1

i

Here we have s = (p; + p»)* and t = (p,

+ 2 [ngRKKngIRPP + (_1)13_%gaznz{KKgaz[R{PP]1‘462(_isa,[RQ)wR+ ®

-1

+ E [ga)RKKg(uRpp + (_1) 7 zngKKg/)Rpp]M 2( lS(ZR )(IR_(t)_l }

For the total cross sections we obtain from the optical theorem for large s

Gtot(K N 13

Zlm I(:t pl

= 2{6ﬂpkkﬁn:>1wv cos B (ap(0) — 1)} (satfp)®e ()1

1
2

1
2

Following Donnachie and Landshoff [45] we use a two
component parametrization for the total cross sections of
kaon-nucleon scattering
G, b) = X (sMG2)00808 4 ¥, (sM?) 04525, (3.28)
Here (a,b) = (K",p), (K~,p), (K*,n), (K~,n), and
My =1 GeV. The numbers X, = X and Y, are

X =11.93 mb £ 30.64 GeV~2,
Yge, =7.58 mb £ 19.47 GeV~2,
Yx-, = 25.33 mb £ 65.05 GeV~2,
Yg+, =9.08 mb £ 23.32 GeV~2,

= 19.09 mb £ 49.03 GeV~2, (3.29)
where the values for the X, Y+, and Y-, are taken from
Fig. 3.2 of [46] and the values for the Y+, and Yg-, are
from our fit to the world data from [44].

We compare now (3.27) with (3.28) taking into account
the parameters of the Pomeron and Reggeon trajectories
and of their vertices from [24] quoted above in Egs. (3.5) to
(3.22). We get then the following results for the couplings

Pexx = 1.54 GeV~!, (3.30)
9fmKK = 4.47, JaxKK = 2.28,
JogxKK = 5.99, 9pu kKK = 7.15. (331)

(3.26)
— p3)? and we work in the approximation s > |¢|, m>
N(I3. p2. 22)|T|K*(p1), N(I3. p2. 42))
+ o +(=1)b M2 cos | = (a (0) = 1) (sl )+ 1
9f KK fompp Gar KK JarepplMo 2 Ry R,
| T
+ 3 [gwRKngRpp + (_1)13_EngKKngpp]M:2 €os |:§a[R_ (O):| (Saﬁ_)aRf(O)_l } (327)

B. Scalar mesons central production

The K+ K~ production amplitude through the s-channel
exchange of scalar mesons, such as f,(980), f(1370),
f0(1500), and f(1710), via the PP fusion can be written as

(PP—»fO—J(*K*) o (

P RESIVY oF Gl )M(pl’/1 )lrﬂlvl (pl’pa) (pa,ﬂa)

x iAPwvi.af (s1,11)

X lrleﬂl aiﬂz(qlv q2)iAY) (psy)

x [ (foKK) (p3’p4)iA(P)a2ﬁ2fllzv2 (89,15)

X @i(pa, Ap)il’ 1(42V2 >(P2 Pu)u(PpsAp)

(3.32)

where 51 = (po +q2)° = (p1 + p3a)®s 52 = (pp + 1) =
(p2 + p3s)? and p3y = ps + p4. The effective Lagrangians
and the vertices for the fusion of two tensor Pomerons into the
Jfo meson were discussed in Appendix A of [27]. The PP f,
vertex, including a form factor, reads as follows (p3; =

g1+ q2)

/(PP
lr,fw KA 2 <q1 ’ QZ> (lrﬂ(l/ ldfo

x FPPI) (g2, g3, pl,);

PP
|bare + F”z(/ Kﬁf()) (QI ’ (’I2) |bare)
(3.33)

see (A.21) of [27]. The vertex (3.33) contains two indepen-
dent PP f, couplings corresponding to the lowest allowed
values of (1, S), that is (1, S) = (0,0) and (2,2).
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We take the factorized form for the PP f, form factor

F®PI0)(q7.45.p34) = Fu(a3) Fu(g3) FEP10) (p3,) - (3.34)

normalised to F(FP/0) (0,0, m%o) = 1. In practical calcula-
tions we take

2 2\2

F®PLO)(p2)) = exp <%)
fo

Ay, =1 GeV. (3.35)

There has been a long history of uncertainty about the
properties of the f,(1710) meson, one of the earliest
glueball candidates. This state was observed in the
WA76 experiment at /s =23.8 GeV [7] in both the
K"K~ and K9K9 channels in the dikaon invariant mass
region around 1.7 GeV. By studying the K"K~ angular
distributions the authors of [7] found that the so called
0/ f;(1720) state has J¥€ = 2+F . In [11] a reanalysis of the
K* K~ channel from the WA76 experiment was performed.
A partial wave analysis of the centrally produced K™K~
system, as performed in [11] (see Fig. 4 there), shows in the
S-wave a threshold enhancement and a structure in the 1.5—
1.7 GeV mass interval which has been interpreted as being
due to the f((1500) and f,;(1710) with J = 0. The D-wave
shows peaks in the 1.3 GeV and 1.5 GeV mass regions,
presumably due to the f,(1270)/a,(1320) and f%(1525)
resonances. In the D-wave at higher masses there is no
evidence for any significant structure in the 1.7 GeV mass
region and only a wide structure around 2.2 GeV is seen
that may be due to the f,(2150) meson. In the P-wave (P})
a peak corresponding to the ¢(1020) is observed. These
results are compatible with those coming from WA102
experiment [10] at /s = 29 GeV. The f,(1710) with J =
2 state has been observed also in radiative J/y decays [47].
However, a new analysis of J/y — yK"K~ and yK3K?
[48] strongly demonstrates that the mass region around
1.7 GeV is predominantly 0" from the f,(1710).> This
conclusion is consistent with the latest central production
data of WA76 and WA102 [10-12].

An important variable characterizing the production
mechanisms of the various f(, mesons is the azimuthal angle
¢ ,» between the outgoing protons, p(p; ) and p(p,) in (2.1).
As can be seen from the experimental results presented in
[12,13,17] for the f((980), fo(1500), and f(1710) states
the cross sections peak at ¢, = 0in contrast to the f,(1370)
meson. It was shown in [27] that the appropriate angular
shapes for the central production of f,(980) and f(1500)
mesons could be obtained with the PPf, vertices corre-
sponding to the sum of the two lowest values of (/,S)

’It is mentioned in [48] that the amount of the possible 21
component in the 1.7 GeV mass region is of the order of a few
percent.

couplings, (,S) = (0,0) and (2,2), with appropriate cou-
pling constants gpp,, and gpp,. For the production of
f0(1370) meson the (I, S) = (0,0) coupling alone already
describes the azimuthal angular correlation reasonably well.
In [27] we determined the corresponding (dimensionless)
PPf, coupling constants by approximately fitting the
theoretical results to the WA102 data for the angular
distributions and the total cross sections given in
Table 1 of [17]. The following “preferred” values for the
couplings were obtained, see Table 3 of [27],

gﬁénmfo(%o)) = (0788, 4.0), (gEDPfO(ISOO)’gEéPfO(ISOO)) =
(1.22,6.0), and (gﬁmpfﬂ(mo),gﬁgpfo(mo)) = (0.81,0).

In Fig. 3 we show the distribution in azimuthal angle ¢, ,
between the outgoing protons for the central exclusive
production of the f,(1710) meson at /s = 29.1 GeV with
the data measured by the WA102 collaboration in [17].
Similarly as for the f,(980) and f,(1500) mesons (see
Figs. 5 and 6 in [27], respectively) also for the f,(1710)
meson both (I, S) contributions are necessary to describe
the ¢,, distribution accurately. For the f,(1710) we
obtain the coupling constants as (gpp £4(1710)" gggpfo(mo)) =

(0.45,2.6).
The scalar-meson propagator in (3.32) is parametrized as

(9pp £0(980)°

iAU0)(psy) = l

| (3.36)
P§4 - m?'o + lmforfo

with a constant decay width.

0. | e —————] ——
I pp = pp £ (1710) via IPIP - fusion |
WA102 data, Vs =29.1 GeV -
sum I

—— (1.5)=(0.0) ]

----- 1,8)=(.2) 4

0.08f

0.06]

do/d_ (ub)

P R T I
0 50 100 150

0, (deg)

FIG. 3. The distribution in azimuthal angle ¢,, between the
outgoing protons for central exclusive production of the f((1710)
meson by the fusion of two tensor pomerons at /s = 29.1 GeV.
The experimental data points from [12] have been normalized to
the total cross section ¢ = 245 nb from [17]. Plotted is the cross
section do/d¢,, for 0 <¢,, <z We show the individual
contributions to the cross section with (/,S) = (0,0) (the
long-dashed line), (/,S) = (2,2) (the short-dashed line), and
their coherent sum (the solid line).
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For the fyKK vertex we have (M, =1 GeV)

iTUKE) (p3, pa) = igp, ke k-MoFV X0 (p3,),  (3.37)

where the dimensionless coupling constant gy g+g- is
related to the partial decay width of the f, meson (for
an “on-shell” f, state p3, = m7 )

MZ 4m2 1/2
I(fo—K"'K")= 0 gy K+K|2( ——K> .
16zm;, ~° m%o

(3.38)

The analogous relation for fy —» 7"z~ reads

M? 4m2\ /2
o= ') = pamtoge P(1-05°) . (339)
0 fo

In (3.37) we assume that F/oKK)(p2 ) has the same form as
F®Plo)(p2,), see (3.35).

In order to estimate the coupling constants g g+x- for
the various f, states from (3.38) we need data for the partial
decay rates I'(f, = K*K™). Since the Particle Data Group
[44] does not give these decay rates explicitly we shall
estimate them in the following using the available
information.

The f, states have isospin / = (0. Assuming isospin
invariance in the decays we get

[(fy = K*K-) = [(fy — K°K?) = %F(fo . KR).
(3.40)
[y — 2°27) = 20(fy — #%) = 2T(fg = 7).
(3.41)

Let us now consider the various f( states in turn. The
£0(980) has only the zz, KK and the electromagnetic yy
decays. Therefore we have, to very good approximation, for
the total decay rate

In [49] the ratio

T(£5(980) = K+K~)/T(f((980) = 77~) = 0.69 + 0.32
(3.43)

was found from the B meson decays. To obtain gy, (930)k+ k-
we assume the approximate relation’

*We cannot use formula (3.38) for the f,(980) - K*K~
decay as the threshold for the decay is above the f((980)
resonance position.

o(fo(980) > KTK7)/o(f0(980) —» ztz~) = 0.69 + 0.32,
(3.44)

where 6(f((980) — z"7~, K" K™) are the integrated cross
sections for the pp — pp(f4(980) - ntz~, KT K™) proc-
esses via the PP fusion at /s = 13 TeV. We get from
(340)—(344), and with mfo(ggo) =980 MeV, Ffo(980) =

50 MeV, aSSUming gf'o(ggo)[(+[(— > (0 and gf'o(ggo)ﬂ+”— > 0,

9ry080)k k- = 2.8825%7, (3.45)

9ry080)rx = 0.957055- (3.46)

The error bars in (3.45) were obtained using only error bars
in (3.44). Uncertainties of the rather poorly known I’y (9g0)
are similar.

For the f((1370) meson we take the following input:

m.f0(1370) = 1370 MCV, Ffo(1370) =350 MGV, (347)
from [44], and

from [50]. From (3.40) and (3.42) we get then, assuming
again gr (1370)k+x- > 0 and gy (1370)+~ > 0,

Ifo(1370)k k- = 247, (3.49)
gfo(1370)7l'+ﬂ_ = 207 (350)
For the f((1500) we have from [44]
mf0(1500) = 1504 MGV,
ng(lSOO) =109 MeV,
T(£0(1500) — 77) /T, 1500) = 0.349 £ 0.023.  (3.51)

With (3.40) and (3.41) we get, assuming positive coupling
constants

9r,1500)k k- = 0.69, (3.52)

9£o(1500)7 = = 1.40. (3.53)
For the f((1710), finally, we have from [44]
Mmg,(1710) = 1723 MeV, Ff0(1710) = 139 MeV, (354)

and from [51]
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T(£o(1710) > ) /T(fo(1710) — KK) = 0.32 £ 0.14.
(3.56)

The ratio (3.56) is consistent with 0.417-] from [52] and
with 0.311“8"8; from [53] within the errors. This gives, for
positive couplings, from (3.40)-(3.41)

9ramokrk- = 2.36, (3.57)

95 (1710) 7~ = 1.40. (3.58)

C. f,(1270) and f%(1525) mesons central production

For diffractive K™K~ production through the s-channel
f>-meson exchange the amplitude is more complicated to
treat. The f,(1270) and f}(1525) mesons could be
considered as potential candidates. The amplitude for the
PP fusion is given by

(PP—f,~K*K™) _ (

Aadp =KK™ _i)ﬁ(ph /11>i1—‘£l11/| (pl ’ pa)u(pa’ /la)

x iAPHv alﬁl(sl )

P
X ’Ffl,/ilfim ,m(éh, q2) iAo (poy)

X l]"ffﬂ’ >(p3 Pa)iA AP) Ilzﬂzﬂzvz(s2 )

(p27/12)lrf(42”2 )(Pz Pu)u(Pp.Ap)-

(3.59)
The PPf, vertex can be written as
) = (zrf,“i”"iiﬁ,, -
S o e
X F(PPfZ)(Cll’ 935 P34)- (3.60)

A possible choice for the zFl(luj"fopa lpare terms j = 1,...,7

is given in Appendix A of [28]. In [28] we found that the

= 2 coupling for g[ffﬂz,fz (1270) = 9.0 is optimal to describe
the main characteristics measured in the WA102 and ISR
experiments and by the CDF collaboration [20] including
e.g. a gap survival factor (§?) = 0.1 for the CDF.

The f,(1270) and f%(1525) have similar ¢,, and dP,
dependences [12]. dP, is the so-called “glueball-filter
variable” [54] defined by the difference of the transverse
momentum vectors of the outgoing protons in (2.1)
dP, = q, dpP, = |dP,|.

— 412 = P2~ P11 (3.61)

It has been observed in Ref. [9] that all the undisputed ¢g
states (i.e. 7, n', f1(1285) etc.) are suppressed when
dP,; —» 0, whereas the glueball candidates, e.g. f,(1500),
survive. As can be seen in Refs. [9,12] the f,(1270) and
f5(1525) states have larger dP, and their cross sections
peak at ¢,, = 7 in contrast to the “enigmatic” f,(980),
fo(1500) and f((1710) states. Note, that at /s =
29.1 GeV the experimental cross section for the production
of the f,(1270) meson, whose production has been found
to be consistent with double Pomeron/Reggeon exchange,
is more than 48 times greater than the cross section of the
f5(1525) meson [17]. For the f4(1525) we assume also

' (1525) = 2.0 fixed to the
2

experimental total cross section from [17]. With this we
roughly reproduced the shapes of the differential distribu-
tions of the WA102 data [12]. In the future the correspond-
ing PPf, coupling constants could be adjusted by
comparison with precise experimental data.

In (3.60) F(PP72) is a form factor for which we take

only the j = 2 coupling with gn(f[F)"f

FCPR (g1, q3. phy) = Fu(at) Fu(g3) FEP2) (pdy),
(3.62)
_(P§4 m )2
F(Plpf’))(p ):exp( A;l f2 )7
Ay, =1 GeV (3.63)

Here, for qualitative calculations only, one may use the
tensor-meson propagator with the simple Breit-Wigner
form

i

'A(fz) —
B30 pia—mj, +img Ty,
| 1,
X E (g;ucgull + g/MQuK) - gg/wgk/l ’ (364)
where §,, = =0, + P3auP34,/ Pis- In (3.64) T, is the total

decay width of the f, resonance and my, its mass.
The f, KK vertex can be written as (see Eq. (3.37) of [24]
for the analogous f,z7 vertex)

. .9f, KK
zF,%ZKm(Ps,m) = —lfzzT {(Ps - P4)ﬂ(l73 — P4)y
0
1
4g;w(P — p4) ]FUZKK)(P%O’

(3.65)

where gy g+g- can be obtained from the corresponding
partial decay width. We assume that
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F(fzKK>(p%4) — F(pr2>(p%4) = exp <_(173j\+mf2)>’
12

Ay, =1 GeV. (3.66)

In analogy to the f, — nz decay, treated in Sec. 5.1 of
[24], we can write

m mp \ 2 4m3\ /2

= k) =g e () (1528
fo

(3.67)

We assume further that isospin symmetry holds, that is,

I'(f, > KtK") = %F(fz — KK). (3.68)

With I'(f, — KK)/T;, from [44] (see Table I) we get,
assuming gy g+g- > 0,

9,270k k- = 5.54, (3.69)

(3.70)
|

gras2s)kt k- = 1.32.

For the z"z~ decay channel, based on (5.6) of [24] and the
numerical values from Table I, we have

95,(1270)+ 7~ = 9-28, (3.71)

9r,(1525)2 = = 0-43. (3.72)

IV. PHOTOPRODUCTION CONTRIBUTIONS

For the ¢ resonance production we consider the
diagrams shown in Fig. 4. In these diagrams all vertices
and propagators will be taken here according to
Ref. [24]. The diagrams to be considered for the nonresonant
(Drell-Soding) contribution are shown in Fig. 5. In the
following we collect formulas for the amplitudes for the
pp — ppKTK~ reaction within the tensor-Pomeron
approach [24].

A. K*K~ continuum central production

The amplitude for photoproduction of the
KTK~ continuum can be written as the following
sum:

g[]){_—);opn;(lﬂl};l{n :M(yPaKJrK’) +M(Py—>K+K’) +M(yR—>K*K’) _'_M(Ry—»K*K’)‘ (41)
The yP-exchange amplitude can be written as the sum:
—K'K) _ pq@ () (c)
MUP=EED) = N o SIEAU W RNPN Y Cluy M/la/lb—%l/lzK*K*’ (4.2)
where

MO xexe = (CDEPL AT (pr, po)u(pe 22)ia?% (g )Ty (p,. = p3)

X iA®) ()il ™ (pa, p)id PP (53, 1) p3. )T 5" (P2 py) (P ). (43)
b - . . ) .

MP, ke = (C0(PL AT (b1 pa)u(pa. 22)iA™ (g )it ™ (py. p.)

x iAK) (pu)il“f,”;m(pw —P3)iA(P)aﬂ’5"(52, t)u(pa, ﬂz)irt(sn;pp)@z, Po)u(pps Ap), (4.4)
M, keke = (F0a( AT (pr p)u(pa 2)iA (g )T (g1, pa.—ps)

X iAPIB (5 1) (. Aa)iTS " (. py)u(py. Ap)- (4.5)

Here the y and P propagators and the ypp, Ppp
vertices are given in Sec. 3 of [24]. The K propagator is
standard and given after (3.4) above. The yKK, PKK and
PyKK vertices are as the corresponding vertices for pions,
see Appendix B of [30], but with fp,, replaced by
Prpxk (3.30).

In order to assure gauge invariance and “proper” can-
cellations among the three terms (4.3) to (4.5) we have
introduced, somewhat arbitrarily, one common energy
dependence on s, defined as:

s = (P + a@1)* = (P2 + p3a)? (4.6)
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P (I’a> p (171)

(@)

p(p)

P (pa>

(b) P (po) P (p2)

FIG. 4. The central exclusive ¢ meson production and its subsequent decay into P-wave K™K~ in proton-proton collisions.

P (Pa) p(p1) P (Pa)

p(p1) P (Pa) p(p1)

(a) p(po)

FIG. 5.

P (p2)

P P

The diagrams for photon-induced central exclusive continuum KK~ production in proton-proton collisions. There are also 3

additional diagrams with the role of (p(p,), p(p:)) and (p(p,), p(p,)) exchanged.

for the Pomeron propagator in all three diagrams. Gauge
invariance requires

(M4 MO+ MO, =0, (@47)

—q

This is satisfied as we see easily be replacing in (4.3)—(4.5)

Ff,ypp)(pl,pa) by g, The formulas (4.3)-(4.5) do not
include hadronic form factors for the inner subprocess
yP — KTK~. A possible way to include form factors for
the inner subprocesses is to multiply the amplitude

obtained from (4.3) to (4.5) with a common factor, see
[29,55-57],

MUK — (M) 4+ MO MOF(o2, 13 PRy
(4.8)
A common form factor for all three diagrams is chosen in

order to maintain gauge invariance, and a convenient form
is given in [58]

[F(p?)? + [F(pi))?

F(pza p59p2 ) = 7- ’ (49)
t * L+ [F(p3)P
with the exponential parametrizations
2 2
pr—m
F(PtZ) = &Xp <IA—2K> (4.10)
K

22
F(p2) = exp (u) (“.11)
AK
2 2
= —(p34 —4m
F(p3,) = exp <(34A2K)> (4.12)
K

The parameter Ag should be fitted to the experimental data.
We expect it in the range of 0.8 to 1 GeV.

For the Py-exchange the amplitude has the same
structure - with  p(p,), p(p1) <> p(py). P(P2), 11 < 1
and s, <> s5;. We shall consider also contributions involv-
ing nonleading Reggeons. For the f,p exchange the
formulae have the same tensorial structure as for
Pomeron exchange and are obtained from (4.3) to (4.5)
with the corresponding effective foppp, forKK and
foryKK vertices and the f,p reggeon propagator; see
[24,30]. Analogous statements hold for the case for the a,p
Reggeon exchange. The relevant Reggeon-kaon coupling
constants are given in Eq. (3.31). The contributions
involving C = —1 Reggeon exchanges are different. We
recall that R_ = wpg, pp exchanges are treated as effective
vector exchanges in our model; see Sec. 3 of [24]. The
vertex for pry KK is in analogy to the vertex pryzz given in
(B.81) of [30]. The wgr exchange is treated in a similar way.

B. Photoproduction of ¢ meson

Since the proton contains no valence s quarks we shall
assume that the amplitude for the yp — ¢p reaction at high
energies includes only the Pomeron exchange contribution.
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I O low energy data
[ e ZEUS data, It/ <05 GeV? 1
2F——a= OGcV b 5.28 GeV'', AfoiGcV —
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FIG. 6. Left panel: The elastic ¢ photoproduction cross section as a function of the center-of-mass energy W

10§ Yp— op ZEUSdata 3
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X
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Itl (GeV?)

,p- Our results are

compared with the HERA data [60] (solid mark) and with a compilation of low energy data from [61-68] (open circles). Right panel:
The differential cross section do/d|t| for the yp — ¢p process. The ZEUS data at low |¢| (at yp average center-of-mass energy
{(/s) =70 GeV and the squared photon virtuality Q? = 0 GeV?, solid marks, [60]) and at higher |f| (at {,/s) = 94 GeV and
0? < 0.01 GeV?, open circles, [69]) are shown. The black solid lines represent the results for v/s =70 GeV, while the blue dashed
lines represent the results for /s = 94 GeV. The thick lines correspond to results with A(Z) =0.5 GeV2, apgy = 0.11 GeV~3, and

bpyy = 5.06 GeV~". The thin lines correspond to results with Aj =1 GeV?, ap,y = 0.49 GeV~2,

In contrast, in the amplitudes for the yp — p°p reaction
[29,30] and for the yp — wp reaction [59] also Reggeon
exchanges play an important role.

The amplitude for the yp — ¢ p reaction with the tensor-
Pomeron exchange can be written in complete analogy to
yp — p°p (see [29,30]) as follows

<¢(P¢, /1¢>’ p(p2:4)|Tlr(q, Ay)v PPy 4p))

=M, /Ib—»lq,/lz(s )

= (=i)(e@my i T4

pvap (p(/)v q)
x IO (g)iT L (g)eeiAPBon s, 1)

X (2. )il " (P, pi)u(py. ), (4.13)

where p,, p, and 4, 4, = :i:% denote the four-momenta
and helicities of the ingoing and outgoing protons, e*) and
€(?) are the polarization vectors for photon and ¢ meson

with the four-momenta ¢, p, and helicities 4, = £1,

Ay = £1,0, respectively. We use standard kinematic
variables
s=W2, = (py+q)* = (p2+ py)*
t=(pr—pp)? = (py — q)*. (4.14)

In (4.13) the ¢ propagator is of the same structure as for
P and o in (3.2) of [24]. Our ansatz for the P¢¢ vertex
follows the one for the Ppp in (3.47) of [24].

In the high-energy small-angle approximation we get,
using (D.19) in Appendix D of [27],

and bpy, = 4.27 GeV~'.

2
m
M sy (5.1) = ie—L AP (0) (D) el
4 ¢ },(/)

X [2apggTini (Pg-—4)

— bogT s (Pg =)

(—isap)** =1 (py + pp)*
(4.15)

X 3Ppyn 5= 29

X (pa+ Pp)*83,,, F1(1)Fy(t),

where the explicit tensorial functions F<y),d( Py—q), 1 =0,
2, are given in Ref. [24], formulas (3 18) and (3.19),
respectlvely In Eq. (4.15) 4z/y; = 0.0716, (AP (0)1 =
-m? 4- The form factors F'; (¢) and F,(#) are chosen in (4.15)
as the electromagnetic form factors (3.10) only for simplicity.
Here, it seems reasonable to assume rather A3 ~ m?/) than
A§ = 0.5 GeV? from (3.10). This will be discussed in Fig. 6.
Alternatively, we can take a common form factor

P P
FP)(1) = exp (BY)1/2). (4.16)

with the slope parameter B((ﬁuj,)

the experimental data.

In order to get estimates for the P¢¢ coupling constants
apyy and bpyy, we make the assumption based on the
additive quark model [70-74] (see also chapter II of [75]):

obtained from comparison to

— o7, p)
(4.17)

amt((ﬁ(e‘(”’)),p) = O-tot(K+’ p) + Gtot(K_,p)
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for transversely polarised ¢ mesons (m = +1). In analogy
to the pp scattering discussed in Sec. 7.2 of [24] the total
cross section for the ¢p scattering at high energies is
obtained from (4.15) as

Go(P(e™), p) = 3Ppyn 2mjapsg + (1= 8,0)bpgy]
wcos |7 (ap(0) = )] (s 20
(4.18)

m = %1, 0. With the Pomeron parts of the K p and zp total
cross sections from (3.27) above and (7.6) of [24],
respectively, we obtain from (4.17) and (4.18)

3ﬂIP’NN(2m§5aP(/)(/) + bpyy) = 12Ppnn (2Ppkk — Prrx)-
(4.19)

From (4.19), (3.30) and fp,, = 1.76 GeV~! we get

2mgapgy + bpgy = 4(2Ppkk — Ppax) = 528 GeV.
(4.20)

In the left panel of Fig. 6 we show the integrated cross
section for the yp — ¢ p reaction, calculated from (4.13), as
a function of the center-of-mass energy together with the
experimental data. The experimental point at W,, =
70 GeV was obtained by extrapolating the differential
cross section to ¢ = (0 assuming a simple exponential ¢
dependence and integrating over the range |7| < 0.5 GeV
[60]. In our calculation we also integrate over the same ¢
range. We see that our model calculation including only the
Pomeron exchange describes the total cross section for the
yp — ¢p reaction fairly well.*

The right panel of Fig. 6 shows the differential cross
section for elastic ¢p photoproduction. The calculations,
performed for two energies, W,, = 70 GeV and 94 GeV,
are compared with ZEUS data, [60,69], respectively. We
show results for two parameters of the form factor F(¢),
A3 =0.5 GeV? and 1 GeV?, represented by the bottom
lines and the top lines, respectively. We can see that the
results for A} =1 GeV? with the relevant values of
coupling constants a and b describe more accurately the
slope of the ¢ distribution.

C. ¢(1020) meson central production

The ¢ photoproduction is dominated by diffractive
scattering via Pomeron exchange. The amplitude for the

*At low energies there are other processes contributing, such as
t-channel 7°, n, o meson exchanges; see [76,77]. Thus, the
Pomeron exchange alone should not be expected to fit the low-
energy data precisely. We refer the reader to [78,79] for
measurements of the yp — ¢p reaction near threshold.

yP-exchange, see diagram (a) in Fig. 4, reads as (3.5) of
[29] with appropriate modifications:

P—-¢p—-K K~ o — .
MR R = (0a(p1 AT (b1 po)u(par 2a)

x iAo (g )iTL ) (g,)ia @ ()
x iADP (p iTP* ) (ps, py)

(P .
x lr,()z,%)ﬁ(l?% q1)iAPIP N (55 1)

x ﬁ(Pz,/lz)iF((sSpp) (P2 Pp)u(Pps Ap)-
(4.21)

Here we use the ¢ propagator with the simple Breit-
Wigner expression as defined in (3.7), (3.10) and (3.11) of
[29] with

1

(¢)
Ay (s) = : .
g s —mg +i\/sTy(s)

(4.22)

In (4.22) the running (energy-dependent) width is approx-
imately parametrized as

—L0(s —4m%).

— 4m2 \3/2 m>
_mK> ’ (4.23)
A

Ly(s) = F¢<

mé —4m2
A more accurate parametrization of A(T{/') (s) and I";(s) must
take into account also non-KK decay channels of the ¢, in
particular, the 3z decays which amount to (15.32 £ 0.32)%
of all decays, see [44]. For such a program one could use
the methods explained for the p propagator in [80]; see
also [24,30].
For the pKK vertex we have

i

. KK
lF,<<¢ )(P3,P4) = 29¢K+K’(p3 - P4)K~

(4.24)

The gyx+ k- coupling constant can be determined from the
partial decay width I'(¢p - KTK™),

lp3

(¢ - K'K™) = ——12( |9¢K+K*|2, (4.25)
[

24 m

where pg = |/mg /4 — mg. With the parameters of Table I,

assuming gyx+x- > 0, we get

Jpx-x- = 8.92. (4.26)

In the diagram of Fig. 4 at the P¢¢ vertex the incoming
¢ is always off shell, the outgoing ¢ also may be away from
the nominal “mass shell” p3, = my. As suggested in [30],

see (B.82) there, we insert, therefore, in the P¢¢ vertex
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extra form factors. A convenient form, given in (B.85) of
[30] (see also (3.9) of [29]) is

F@(k2) = [1 + (4.27)

k> (k? — mé)} 7y
A4

with A, a parameter close to 2 GeVand 714 > 0. In practical

calculations we also include in (4.24) the form factor

—(P3 - m?,,)z)

A4

FORR) (p2,) = exp(
¢

Ay =1 GeV. (4.28)

V. RESULTS

In this section we present results for integrated cross
sections of the reaction pp — ppK ™K~ and dikaon invari-
ant mass distributions. For convenience of the reader we
collect in Table II the numerical values of default param-
eters of our model used in calculations. There are also the
parameters of pomeron/reggeon-kaon couplings, see (3.30)
and (3.31), not shown in Table II, obtained from fits to
kaon-nucleon total cross-section data as discussed in
Sec. Il A. Our attempts to determine the parameters of
pomeron-pomeron-meson couplings as far as possible from
experimental data have been presented in Secs. III B and
IIIC, and in Refs. [27,28]. Note that we take here some-
what smaller values of the Pomeron-Pomeron-meson cou-
pling parameters than in our previous paper [27] because
there they were fixed at the WA 102 energy where we expect
also large contributions to the cross sections from the
Reggeon exchanges. We have checked for the central
K"K~ continuum contribution calculated at /s =
13 TeV and for three different cuts on pseudorapidities
Ing| < 1, |ng| < 2.5, and 2 < ng < 4.5, that adding the
exchange of secondary reggeons increases the cross section
by 2.4%, 2.9%, and 6.5%, respectively. We expect a similar
role of secondary Reggeons for production of resonances at
\/s = 13 TeV. For continuum KK~ photoproduction we
find even less effect on the cross sections from secondary
reggeons than for the purely diffractive production above.
Recently, in Ref. [33], we also discussed the role of
reggeons for the pp — pppp reaction.

Many of the parameters listed in Table II were obtained
from fits to available data but they are still rather uncertain
and some are only our educated guess. Clearly, it would be
desirable to experimentally test our predictions obtained
with our default parameters and then adjust these if
necessary. Such an adjustment of the model parameters
will be possible with high-energy experimental data for the
purely exclusive reactions pp — pprtz~ and pp —
ppK+T K~ which are expected to become available soon.
The GENEX Monte Carlo generator [81] could be used in
this context.

TABLE II. Some parameters of our model. The columns
indicate the equation numbers where the parameter is defined
and their numerical values used in the calculations.

Parameter for Equation Value
Diffractive continuum
AOff,M (311) 0.7 GeV
A} (3.10); (3.34) of [24] 0.5 GeV?
M, (3.13)—(3.16), (3.26) et seq. 1 GeV
M_ (3.19), (3.26) et seq.; (6.63) of [24] 1.41 GeV
£o(980)
gﬁmPfo (3.33) et seq.; (A.18) of [27] 0.53
gﬁg[p,fo (3.33) et seq.; (A.20) of [27] 2.67
9fok* K~ (3.38), (3.45) 3.48
Ag, (3.35) 1 GeV
Ffo(1500)
gﬁJ’Pfo (3.33) et seq.; (A.18) of [27] 0.35
gﬁﬁ,[p,f“ (3.33) et seq.; (A.20) of [27] 1.71
9fok K- (3.38), (3.52) 0.69
Ag, (3.35) 1 GeV
fo(1710)
gﬁmpfo (3.33) et seq.; (A.18) of [27] 0.23
gﬁﬁ,[pfo (3.33) et seq.; (A.20) of [27] 1.3
9fok K- (3.38), (3.57) 2.36
Ay, (3.35) 1 GeV
f2(1270)
g[EJ%[F)"f (3.60) et seq.; (A.13) of [28] 9.0

2
95K K- (3.67), (3.69) 5.54
Ag, (3.66) 1 GeV
f5(1525)
g%f (3.60) et seq.; (A.13) of [28] 2.0
9r K k- (3.67), (3.70) 7.32
Ay, (3.66) 1 GeV
Photoproduction continuum
Ag (4.9)-(4.12) 1 GeV
$(1020)
Apyy (4.20) et seq. 0.49 GeV—3
bpyy (4.20) et seq. 4.27 GeV~!
A (3.10) 1 GeV?
oKk~ (4.24)-(4.26) 8.92
[\¢ (4.27); (3.9) of [29] 2 GeV
iy (4.27); (3.9) of [29] 0.5
Ay (4.28) 1 GeV

In Fig. 7 we present the K™K~ invariant mass distribu-
tion at /s =13 TeV and |yx| < 1. Here we take into
account the non-resonant continuum, including both
Pomeron and Reggeon exchanges, and the scalar
f0(980) resonance created here only by the Pomeron-
Pomeron fusion. We show results for different values of the
relative phase ¢y, (9g0) in the coupling constant (3.45) not
known a priori
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FIG. 7. Two-kaon invariant mass distribution for pp —
ppKtK~ at /s =13 TeV and |ngx| < 1. Absorption effects
were included here by the gap survival factor {S?) = 0.1. Results
for a coherent sum of non-resonant continuum and f((980)
meson for different values of the phase factor ¢, (950) in (5.1) are
shown for illustration. The short-dashed line represents the
nonresonant continuum contribution obtained for the monopole
off-shell kaon form factors (3.11) with Ay = 0.7 GeV. The
red solid line represents the f(980) resonant term.

i4)7(980)

9ro(980)KT K~ > Jf(980)K+ K~ € (5'1)

We can see that the complete result indicates a large
interference effect of the continuum and the f((980) terms.
It should be recalled that the f(980) resonance appears as
a sharp drop around the 1 GeV region in the z"z~ mass
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FIG. 8.

spectrum. The black solid line corresponds to the calcu-
lations with the phase used for 7z 7~ exclusive production.
The phase for K™K~ does not need to be the same as the
production of zz and KK systems may be a complicated
coupled-channel effect not treated here explicitly. In some
of the following figures we show predictions for two
representative values for this phase, ¢ g0y =0 and
/2. We must leave it to the experiments to determine
this phase from data.

As can be clearly seen from the left panel of Fig. 8 the
resonance contributions generate a highly structured pat-
tern. In the calculations we include the nonresonant
continuum, and the dominant scalar fy(980), f,(1500),
f0(1710), and tensor f,(1270), f%(1525), resonances
decaying into the K"K~ pairs. In principle, there may
also be a contribution from the broad scalar f(1370)
meson. The right panel of Fig. 8 shows the photoproduction
contributions without and with some form factors included
in the amplitudes. The narrow ¢(1020) resonance is visible
above the continuum term. It may in principle also be
visible on top of the broader f(980) resonance. This will
be discussed in Fig. 10.

In Figs. 9 and 10 we show the invariant mass distribu-
tions for centrally produced z"z~ (the black lines) and
K™K~ (the blue lines) pairs imposing cuts on pseudor-
apidities and transverse momenta of produced particles that
will be measured in the RHIC and LHC experiments. The
pp — pprta~ reaction was discussed within the tensor-
pomeron model in [28]. The short-dashed lines represent
the purely diffractive continuum term. The solid lines
represent the coherent sum of the diffractive continuum,

=)

——

pp — pp K'K'
(s=13TeV, n|,n|<1
photoproduction Conttibutions

—— $(1020)

—— 0(1020), with ff.

ffffff continuum

------ continuum, with ff.

—— ¢(1020) & continuum, with ff.3

do/dM,,, (ub/GeV)

107

107

\S]

L PRI R L -
I 12 14 16 18
M,, (GeV)

Two-kaon invariant mass distributions for pp — ppK" K~ at /s = 13 TeV and |ng| < 1. The left panel shows the purely

diffractive contributions and the right panel shows the diffractive photoproduction results. In the left panel the black line represents a
coherent sum of nonresonant continuum, and f(980), f(1500), fo(1710), f,(1270) and f%(1525) resonant terms. For the f,(980)
resonant term we take ¢y 9g0) = 0 in (5.1). The dashed line represents the nonresonant continuum contribution. The individual
resonance contributions are shown for better understanding. In the right panel the photoproduction terms are shown without and with
some form factors included in the amplitudes. The lower lines correspond to results for the ¢»(1020) photoproduction with form factor
(4.28) and for the nonresonant term with form factors (4.9)—(4.12). Absorption effects have been included here by the gap survival
factors (S?) = 0.1 for the diffractive contributions and (S?) = 0.9 for the photoproduction contributions.
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FIG.9. The invariant mass distributions for centrally produced z*z~ (the black top lines) and K™ K~ (the blue bottom lines) pairs with
the relevant experimental kinematical cuts specified in the legend. Results including both the nonresonant continuum and the resonances
are presented. The short-dashed lines represent the purely diffractive continuum term. The solid and long-dashed blue lines correspond
to the results for ¢, 9g0) =0 and z/2 in (5.1), respectively. The lower red line represents the ¢»(1020) meson plus continuum
photoproduction contribution. The CDF experimental data from [20] in the right panel for the pp — ppa'n~ reaction are shown for
comparison. Absorption effects were taken into account effectively by the gap survival factors.
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FIG. 10. The same as in Fig. 9 but for /s = 13 TeV and different experimental cuts specified in the legend. Absorption effects were
taken into account effectively by the gap survival factors, (S?) = 0.1 for the purely diffractive contribution and (S?) = 0.9 for the
photoproduction contribution.
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The differential cross sections do/d(dP,) as a function of the dP, “glueball filter” variable (3.61) for the pp — ppKTK~

reaction. Calculations were done for /s = 13 TeV, |ng| < 1, p,x > 0.1 GeV, and in two dikaon invariant mass regions, M3, €
(1.45,1.60) GeV and M3, € (1.65,1.75) GeV, see the left panel and the right panel, respectively. Both, nonresonant continuum and
resonances are included here. No absorption effects were taken into account here.

and the scalar f((980), f,(1500), f,(1710), and tensor
f2(1270), f%(1525) resonances. For the pp — ppK"K~
reaction we show predictions for ¢, 9g0) = 0 and #/2 in
(5.1), see the solid and long-dashed blue lines, respectively.
The f((980) resonance term in the pp — ppK+ K~ reac-
tion is calculated with the upper limit for the coupling,
9ry080k k- = 3.48; see (3.45). The lower red lines show
the photoproduction contributions. The diffractive and
photoproduction contributions to K™K~ production must
be added coherently at the amplitude level and in principle
could interfere. However, this requires the inclusion of
absorption effects (at the amplitude level) that are different
for both classes of processes, see e.g. [29]. In [28] we found
that for the reaction pp — ppa*z~ a similar interference
effect is below 1%. The reader is asked to note different
shapes of the z7z~ and K™K~ invariant mass distributions
for different experimental setups. In the left panel of Fig. 9
we show distributions for the STAR experiment. In the right
panel we show results for the CDF experimental conditions
together with data for the pp — ppr™z~ reaction [20]. The
limited CDF acceptance, in particular the p, > 0.4 GeV
condition on centrally produced K* and K~ mesons,
causes a reduction of the cross sections in the region
M3, < 1.3 GeV; see e.g. the clearly visible minimum for
the photoproduction term there.

The calculations were done at Born level and the
absorption corrections were taken into account by multi-
plying the cross section for the corresponding collision
energy by a common factor (S?) obtained from [34,36]. For
the purely diffractive contribution the gap survival factors
(§?) =0.2 and 0.1 for /s =02 TeV and 1.96 TeV,
respectively, were taken. For the photoproduction contri-
bution the Born calculation was multiplied by the factor

(8%) = 0.9; see [29]. The absorption effects lead to a huge
damping of the cross section for the purely diffractive
contribution and a relatively small reduction of the cross
section for the ¢(1020) photoproduction contribution.
Therefore we expect that one could observe the ¢) resonance
term, especially when no restrictions on the leading protons
are included. This situation is shown in Fig. 10, see the top
left and right panels for the ALICE and LHCb experimental
conditions, respectively. However, the final answer can only
be given considering the experimental mass resolution of a
given experiment. Here, for /s = 13 TeV, we take ($?) =
0.1 for the purely diffractive contribution and (5?) = 0.9 for
the photoproduction contribution. In the bottom panel of
Fig. 10 we show results with extra cuts on the leading protons
of 0.17 GeV < |py;|.|py2| <0.5 GeV as will be the
momentum window for ALFA on both sides of the
ATLAS detector [82]. Here the ¢(1020) resonance is not
so-well visible.

In Figs. 11 and 12 we present differential observables
for the ALICE kinematics (\/s=13TeV, |ng|<]1,
Pix>0.1GeV) and for two regions: Mz, € (1.45,
1.60) GeV (the left panels) and M3, € (1.65,1.75) GeV
(the right panels). Figure 11 shows the distributions in the
“glueball filter” variable dP;; see (3.61). We see that the
maximum for the ¢g state f5(1525) is around of
dP, = 0.6 GeV. On the other hand, for the scalar glueball
candidates f(1500) and f((1710) the maximum is
around dP, = 0.25 GeV, that is, at a lower value than
for the f%(1525). This is in accord with the discussion in
Sec. III C and in Ref. [9].

Angular distributions in the dimeson rest frame are often
used to study the properties of dimeson resonances.
Figure 12 shows the distribution of the cosine of 9%
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FIG. 12. The differential cross sections do/d cos 9;({ as a function of the cosine of the polar angle ¢}/ in the K K~ rest frame for the
pp — ppKTK™ reaction for two different windows of K™K~ invariant mass. The predictions shown correspond to /s = 13 TeV and
include cuts || < 1 and p; x > 0.1 GeV. The meaning of the lines is the same as in Fig. 11. No absorption effects were taken into

account here.

the polar angle of the K meson with respect to the beam
axis, in the K+ K~ rest frame.’

It should be emphasized that our predictions were done
with our choice of parameters collected in Table II. From
the partial wave analysis, performed by the WA76/102
collaborations [10,11], more amount of the S-wave than of
the D-wave in the mass region around 1.5 GeV was
observed. This observation was confirmed by the E690
experiment [83] at the Fermilab Tevatron at /s = 40 GeV
in the pp = pyowK3K ) prag reaction. This would change
the behavior of invariant mass distribution around
Mgg = 1.5 GeV. Note that the relative phase between
K" K~ -continuum and f(1500) amplitudes is not so well
determined and a constructive interference cannot be ex-
cluded. Here we do not show explicitly the corresponding
result.

VI. CONCLUSIONS

We have discussed central exclusive production (CEP) of
KK~ pairs in proton-proton collisions at high energies.
We have taken into account purely diffractive and diffrac-
tive photoproduction mechanisms. For the purely diffrac-
tive mechanism we have included the continuum and the
dominant scalar f,(980), f,(1500), f,(1710) and tensor
f2(1270), f5(1525) resonances decaying into K™ K~ pairs.
The amplitudes have been calculated using Feynman rules
within the tensor-Pomeron model [24]. The effective
Lagrangians and the vertices for PP fusion into the scalar
and tensor mesons were discussed in [27,28], respectively.
The model parameters of the Pomeron-Pomeron-meson

3Tt is also possible to consider a related observable, defined
with respect to the Pomeron/Reggeon exchange three-vector; see
e.g. [10,15].

couplings have been roughly adjusted to recent CDF data
[20] and then used for predictions for the STAR, ALICE,
CMS and LHCb experiments. For the photoproduction of
K"K~ pairs we have discussed the dominant ¢(1020)
meson contribution and the nonresonant (Drell-Soding)
contribution. Similar mechanisms were discussed in [29]
for the #" 7z~ photoproduction. The coupling parameters of
the tensor Pomeron to the ¢ meson have been fixed
based on the HERA experimental data for the yp — ¢p
reaction [60,69].

In the present study we have focused mainly on the
invariant mass distributions of centrally produced K*K~.
In Fig. 9 we also presented, for comparison, the purely
diffractive contribution previously developed in [28] for
the central production of z*z~ pairs. The pattern of
visible structures in the invariant mass distributions is
related to the scalar and tensor isoscalar mesons and it
depends on experimental kinematics. One can expect,
with our default choice of parameters, that the scalar
f0(980), fo(1500), f¢(1710) and the tensor f,(1270),
f5(1525) mesons will be easily identified experimentally
in CEP.

The ¢-photoproduction and purely diffractive contri-
butions have different dependences on the proton trans-
verse momenta. Furthermore, the absorptive corrections
for the K™K~ photoproduction processes lead to a much
smaller reduction of the cross section than for the
diffractive ones. It can therefore be expected that the
¢-photoproduction will be seen in experiments requiring
only a very small deflection angle for at least one of the
outgoing protons. However, we must keep in mind that
other processes can contribute in experimental studies of
exclusive ¢ production where only large rapidity gaps
around the centrally produced ¢ meson are checked and
the forward and backward going protons are not detected.
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Recently, experimental results for this kind of processes
have been published by the CDF [20] and CMS [21]
collaborations. We refer the reader to Ref. [31] in which
p° production in pp collisions was studied with one
proton undergoing diffractive excitation to an nz* or pa°
system.

In addition, we have presented distributions in the so-
called glueball filter variable, dP, (3.61), which shows
different behavior in the K™K~ invariant mass windows
around glueball candidates with masses ~1.5 GeV and
~1.7 GeV than in other regions. Also examples of angular
distributions in the K™K~ rest frame were shown. The dP,
distribution may help to interpret the relative rates between
the f(1500) and f%(1525) resonances and to resolve the
controversial discussion about the existence of the super-
numerous resonances in the scalar sector [84].

Finally we note that central exclusive ¢ production in pp
collisions offers the possibility to search for effects of the
elusive Odderon, as was pointed out in [85]. The Odderon
was introduced on theoretical grounds in [86,87]. For a
review of Odderon physics see e.g. [88]. The experimental
status of the Odderon is still unclear even if there seems to be
some evidence for it from the recent TOTEM result [89]. For
recent discussions of possible Odderon effects in p p elastic

scattering at LHC energies see [90-93]. Using the methods
and results of the present paper it would be straightforward
to include also ¢ production by Odderon-Pomeron fusion
and to discuss Odderon effects, e.g. in K*-K~ distributions,
in a way analogous to the program presented in [30]. But this
is beyond the scope of our present paper.

To summarize: we have given a consistent treatment of
central exclusive K™K~ continuum and resonance produc-
tion in an effective field-theoretic approach. Our studies
could help in understanding the production mechanisms of
some light resonances and their properties in the pp —
ppKT K™ reaction. A rich structure has emerged which will
give experimentalists interesting challenges to check and
explore it.
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