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Study of the exclusive reaction pp — ppK*°K*":
f2(1950) resonance versus diffractive continuum
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We present first predictions of the cross sections and differential distributions for the exclusive reaction
pp — ppK* K" contributing to the K* K~z 2~ channel. The amplitudes for the reaction are formulated
within the nonperturbative tensor-Pomeron approach. We consider separately the f,(1950) s-channel
exchange mechanism and the K* ¢/u-channel exchange mechanism, focusing on their specificities. First
mechanism is a candidate for the central diffractive production of tensor glueball and the second one is an
irreducible continuum. We adjust parameters of our model, assuming the dominance of Pomeron-Pomeron
fusion, to the WA 102 experimental data. We find that including the continuum contribution alone one can
describe the WA 102 data reasonably well. We present predictions for the reaction pp — pp(K*0K*0 —
KtK~n"n™) for the ALICE, ATLAS, CMS and LHCb experiments including typical kinematical cuts. We
find from our model a cross sections of ¢ = 17-250 nb for the LHC experiments, depending on the

assumed cuts. Absorption effects are included in our analysis.
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I. INTRODUCTION

Studies of the K* K* system have been carried out in two-
photon interactions [1-3], in radiative J/y decay [4,5], in
K~ p — K*K*A reaction [6,7], and in central production in
proton-proton collisions [8-10]. It is known from the
WA102 experiment [10] that although the K*°K*° final
state is a major component of the K™K~z "z~ channel it is
not the dominant component. In contrast, the ¢¢ final state
was found to be dominant component of the K™K~ K™K~
channel [11]. The cross section as a function of center-of-
mass energy for the production of K*(892)K*(892) system
was found [10] to be consistent with being produced via the
double-Pomeron-exchange mechanism.

In hadronic proton-proton collisions [9,10,12] a broad
low-mass enhancement in the K*K* and/or K* K ntn~
invariant mass distributions was seen. In [9] the authors
stated that the K*°K*0 system is mainly produced as a
nonresonant threshold enhancement. More recent analysis
[13] give some evidence for the existence of f,(1950)
resonance in the K*°K*? channel; see Fig. 3(c) of [13].
On the other hand, in the radiative J/yw decay [4,5] the
K*K* spectrum indicates two narrow peaks at low mass.
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The analysis of angular distributions finds that the K*K*
system in the radiative J/y decay show strong J©¢ = 0=+
component whereas the hadronic production modes are all
consistent with strong (broad) J*¢ = 2*+ component. The
analysis of the partial wave structure of the K*°K*" state
from the reaction yy — K™K~z z~ [3] support the domi-
nance of the (J¥,J.) = (2%, £2) wave.

An interesting suggestion has been made for the broad
isoscalar-tensor f,(1950) resonance to be the lightest
tensor glueball, while the arguments are not yet fully
settled. Namely, this state is occasionally discussed as a
candidate for a tensor glueball as it appears to have largely
flavor-blind decay modes; see, e.g., [14-16]. However,
according to lattice-QCD simulations, the lightest tensor
glueball has a mass between 2.2 GeV and 2.4 GeV, see, e.g.,
[17-19]. Thus, the f,(2300) and f,(2340) states are good
candidates to be tensor glueball. The nature of these
resonances is not understood at present and a tensor
glueball has still not been clearly identified. Nontrivial
are predictions of not only masses but also widths of the
predicted glueballs; see, e.g., Sec. 8 of [20] for more
information on this topic. Glueballs are expected to lie
on the Pomeron trajectory. It was shown in [20] that even
small variations of the parameters in the (nonlinear)
Pomeron/glueball trajectory result in noticeable changes
of glueballs widths.

It is also interesting to speculate whether the tensor
states f,(1910), f,(1950), and f,(2150), observed by the
WA102 Collaboration [21], are due to mixing between a
tensor glueball and nearby ¢g states. Two of these states

Published by the American Physical Society
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(a) p p

FIG. 1.

The “Born level” diagrams for double Pomeron central exclusive K*°K*? production and their subsequent decays into

K*z~ K~z in proton-proton collisions: (a) K**K*" production via the f,(1950) resonance; (b) continuum K*°K*° production.

have similar ¢,, and dP; dependencies and one the
opposite; ¢, is the azimuthal angle between the transverse
momentum vectors of the outgoing protons, and dP; is
the so-called “glueball-filter variable” [22] defined by the
difference of the transverse momentum vectors of the
outgoing protons. It is known from the WA102 analysis
of various channels that all the undisputed ¢g states
are suppressed at small dP; in contrast to glueball candi-
dates. Established qg states peak at ¢,, = whereas
the f,(1910) and f,(1950) peak at ¢,, = O [21]. These
experimental observations in central production indicate
that the f,(1950) probably contains large gluonic compo-
nent and should be copiously produced via the double-
Pomeron-exchange (i.e., PP-fusion) mechanism.
However, the observation of f,(1950) resonance in two-
photon interaction processes, such as yy — f,(1950) —
K*°K*9 [1-3], and in other yy-fusion processes [23-25],
precludes its interpretation as a pure gluonic state. In [25] a
good description the Belle data on yy — pp including,
in addition to the proton exchange, the f,(1950) resonance
was obtained. One can observe there the dominance
of the f,(1950) resonance in the low mass region M, =
W,, <2.5 GeV. In the f,(1950)-exchange amplitude only

the term with ay,(1950),, coupling and gﬁ)( coupling

1950)pp
was used. There, a- and b-type coupling parametrise the so-
called helicity-zero and helicity-two yy — f, amplitudes,
respectively; see, e.g., [26]. For instance, for the yy —
f2(1270) process the helicity-2 contribution (b-type cou-
pling) is dominant. As will be presented in this work, for
diffractive processes shown in Fig. 1, the b-type coupling in
the £,(1950)K*°K*? and PK*K* vertices is more preferred
than the a-type coupling.

The study of ¢h¢p and K*K* systems could provide also
helpful information for searching for the fully-strange
(sss5) tetraquark. In the relativistic quark model based
on the quasipotential approach in QCD [27], the f,(1950)
and f,(2340) states are considered as a candidates for
the ground state ((L?) = 0) light tetraquarks as diquark-
antidiquark (composed from an axial vector diquark and

antidiquark), gqgqg and ssss, respectively. In [28] the
f2(2300) is assigned to be ss55 tetraquark state. These
two states f,(2300) and f,(2340) are close in mass within
errors [29]. Very recently, in [30] it was stated that the
£2(2340) resonance may be assigned to 1S-wave tetraquark
T,5(2381) in the framework of a nonrelativistic potential
quark model without the diquark-antidiquark approxima-
tion. The f,(2340) state may have large decay rates into the
¢¢ and 5y final states through quark rearrangements, and/
or into K*K* final state through the annihilation of s5 and
creation of a pair of nonstrange ¢g. To confirm this
assignment, the above decay modes and such as 57/, 7'y
should be investigated in experimental searches. On the
other hand, flavor mixings could be important for the
light flavor systems and pure ss3s states may not exist;
see, e.g., [31].

With the idea of bringing more information on the
topic, in the present work, we study the diffractive PP —
f2(1950) fusion mechanism in the reaction pp —
ppK* K™ and the K*°K** continuum which is a back-
ground for diffractively produced resonances. But we
emphasize that in the following we make no assumptions
on whether the f,(1950) resonance is glueball or tetra-
quark. The problem is interesting because of the production
of expected glueballs can be associated with other mesons
and can be accompanied by a diffractive continuum making
the identification of glueballs rather difficult.

In the tensor-Pomeron model for soft high-energy
scattering formulated in [26], on the basis of earlier work
[32], the Pomeron exchange is effectively treated as the
exchange of a rank-2 symmetric tensor. In the last few years
a scientific program was undertaken to analyse the central
exclusive production of mesons in the tensor-Pomeron
model in several reactions: pp — ppM [33], where M
stands for a scalar or pseudoscalar meson, pp — pprta~
and pp — pp(f,(1270) —» z*n~) [34-36], pp — pnp°n*
(ppp°z°) [37], pp— ppK K~ [38], pp = pp(o0,p°p° —
rtaata") 391, pp— pppp 401, pp— pp(¢pp —
K*K"K*K~) [41], pp — pp(¢ — K"K, p"u”) [42],
pp—ppf1(1285) and pp — ppf,(1420) [43]. The present
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paper aims to underline the importance of the study of the
pp = pp(K°K* - K*n~K~n™") reaction.

Some effort to measure exclusive production of higher-
multiplicity central systems at the energy /s = 13 TeV
has been initiated by the ATLAS Collaboration; see, e.g.,
[44]. We think that a study of CEP of the K**K** pairs
decaying into K™z~ K~ z" should be quite rewarding for
experimentalists. Our analysis are designed to facilitate the
study of such processes at the LHC, for instance, by
investigating in detail the continuum and tensor resonance
production.

The paper is organized as follows. In Sec. II we describe
our theoretical framework. In Sec. III we show and discuss
our numerical results. We determine the model parameters
from a comparison to the WA102 experimental data for
the reaction pp — ppK*°K*?. We also predict the total
and differential cross sections for pp — pp(K*°K** —
K"K-zn"z7) including typical kinematic cuts for the
LHC experiments. The final section is devoted to the
conclusions.

II. THEORETICAL FRAMEWORK

In the present paper we consider two processes shown
in Fig. 1 that may contribute to the KTz~ K~ z" final
state via an intermediate K*°K*°=K*0(892)K**(892).
Figure 1(a) shows the process with intermediate production
of f,(1950) resonance,

pp = pp(PP = f,(1950) » K*°K**) - ppK*n~ K~ z*.
(2.1)
In Fig. 1(b) we have the continuum process
pp — pp([p[p - K*OI_(*O) N ppK+ﬂ_K_ﬂ+ (2'2)

with the K*°(892) #/u-channel exchanges.

The processes (2.1) and (2.2) are expected to be most
important ones at high energies since they involve Pomeron
exchange only. We can replace one or two Pomerons by
one or two for Reggeons. However, for the LHC collision
energies and central K*°K* production (midrapidity
region) such forfor-, forP-, and P f,or-fusion contribu-
tions are expected to be small and we shall not consider
them in our present paper.

We treat effectively the 2 — 6 processes (2.1) and (2.2)
as arising from the pp — ppK*°K*? reaction. The general
cross-section formula can be written approximately as

max{my, } /max{mx4}
6244

My +my My ~+Mmy

X f-(my,)dmy dmy..

07,6 = - My, My, )k (mx3)

(2.3)

We use for the calculation of decay processes K* — K the
spectral function

mg +m, 2\ 3/2
fr(my) = Cg- (1 —%)
mXi
2
2 T os
KK (2.4)

(mg( - mK*) + m%{ F%(* ’

where i =3, 4, Ty is the total width of the K*(892)
resonance and m - its mass taken from [29], the factor Cg-
is found from the condition

max{my }
[
myg—+mg
To include experimental cuts on outgoing pseudoscalar
particles we perform the decays of K*(892) mesons
isotropically in the K*-meson rest frame and then use
relativistic transformations to the overall center-of-
mass frame.

Now we discuss the production of K*°K*° in proton-
proton collisions,

k- (mx)dmy = 1.

(2.5)

P(Parda) + P(Pp.2p)
- p<p17/11) +p(p2712) +K*0(p3,ﬂ3) +I_(*O<p4,ﬂ4),
(2.6)

where p,j, pio and 1,,.41, = =1 denote the four-
momenta and helicities of the protons and p;4 and
A34 = 0,%£1 denote the four-momenta and helicities of
the K*° mesons, respectively.

The amplitude for the 2 — 4 reaction (2.6) can be
written as

*
Mla/lb—%l/lzK*i(* = (e’ﬁ (’13)) (€’<4 (’14)) MZ;:—’M]QK*K“

(2.7)

where e,(( ) are the polarization vectors of the K* mesons.

Taking into account summation over the K* polarizations
we get for the amplitudes squared [to be inserted in 654
in Eq. (2.3)]

2
"l E M, A=A K K

spms

:l Z (Mf’3‘74 ) MPP

dadp—ida KK Aty ik K 9ospsoapa
Aashy A1 Ao

(2.8)

We take into account two main processes shown
by the diagrams in Fig. 1. The full amplitude is then the
sum of the f,(1950) resonance term and the K*°-exchange
continuum term:
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K3Ky —

(PP—f,—K*K*)k3ks n ./\/l (K*-exchange)xsky
YIRS N o Sl

Ay =il K*K* Jaky =t KK

(2.9)

In our exploratory study we consider these terms sepa-
rately, i.e., we neglect interference effects between the
resonant f,(1950) - K*°K** and the continuum K*°K*0
processes.

To give the full physical amplitude for the reaction (2.6)
we include absorptive corrections to the Born amplitudes in
the one-channel eikonal approximation; see, e.g., Sec. 3.3
|

(PP—f,—»K*K

of [34]. In practice we work with the amplitudes in the
high-energy approximation, i.e., assume s-channel helicity
conservation for the protons.

A. f,(1950) resonance contribution

Now we consider the amplitude representing by the
diagram in Fig. 1(a) but limiting to the final state p pK*°K*.

The Born-level amplitude for the PP-fusion process
through the s-channel f,(1950)-meson exchange is
given by

* N — . AP
MlalbelllzK*K*)“m = (_l)u(pl ’ ll)lr(u}pp)m”l (pl’ pa)u(pa’ la)lAl(lllzpalﬂl (sl’ tl)

X il"(Psz)alﬂl-,azﬂz-ﬂo'(qu 6]2)Z.A<f2) (p34)i1"(fzK*1_<*)flﬂK3K4 (p3’ p4)

x ’Afxz/)fz o (82 02)(P2, )T PP (Do py)u(piy, )

where 51 = (p;+p3+pa)’ s2=(p2+p3+ps)* a
p3 + py. Here T(PPP) and AP)

=Pa—P1> ©2=D»
denote the effective proton vertex function and propagator, respectively, for the tensor-

po.af
(2.10)

—py, =g}, h=q3}, and p3y =g, +q, =

Pomeron exchange. The corresponding expressions, as given in Sec. 3 of [26], are as follows

1
T’ (p', p) = _l3ﬂPNNF1(t){ ru(P"+ )y + 7P + P)ul = 790 (P + ﬂ)},

iA®

where fpyy = 1.87 GeV~!

1
uv, Kﬂ( ) 4_S <g;u(gwl + 9urGuxe —

(2.11)

1

Eg;wgld> (_l'saﬁm)ap(t)—l’ (212)

and F(t) is the Dirac form factor of the proton. For extensive discussions of the properties

of these terms we refer to [26]. In (2.12) the Pomeron trajectory ap(z) is assumed to be of standard linear form,

see, e.g., [45,46],

ap(t) = ap(()) + aﬁph

a(0) = 1.0808,

The PPf, vertex, including a form factor, can be written as

[F"[FD
TP (4 go) = (zr,,”ﬁ‘;a

A p0551ble choice for the 11“([5”325) coupling terms j =

., 7 1s given in Appendix A of [35]. The couplings j =

., 7 can be associate to the following orbital angular
momentum and spin of the two “real Pomerons” (I,S)
values: (0,2), (2,0) —(2,2), (2,0)+ (2,2), (2,4), (4,2),
(4,4), (6,4), respectively. In the following we shall, for the
purpose of orientation, assume that only the j = 1 coupling
in (2.14), corresponding to the lowest values of (/, S), that
s (1,8) = (0,2), is unequal to zero. The expressions for
j =1 vertex is as follows:'

"Here the label “bare” is used for a vertex, as derived from a
corresponding coupling Lagrangian in Appendix A of [35]
without a form-factor function.

+ Z lr/w KA pa

ol = 0.25 GeV-2. (2.13)
00|, )P ) 2.14)
[
(PPf)(1)
lF,uu,ld,zpzr bare
—2idY  M.R R.. R gh g ok
Ipp £, MR pwp vy Richoy 4 R pop o g
(2.15)
1 1 1
Rm/ld = Eg/mgyl —+ Eg/dgyk - Zg/wg/d’ (216)

see (A12) of [35]. In (2.15), Mo = 1 GeV and the gi3, is
dimensionless coupling constant which should be fitted to

experimental data. We take the factorized form for the
PPf, form factor in (2.14):

FOPR) (g}, 43, pYy) = Fu(q} FP12)(p3,);

(2.17)

)FM(Q%)F
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- 1

Fylr) = et (2.18)

The form factor F("P/2) is normalized to unity at the on-shell
point FPP/2)(m? ) = 1 and parametrized in two ways:

—(p3y —m},)?
F(IP’sz) (p%4) = exp (Tf-) s (219)
f2.E

4
A.f 2.P

F(prz)(p ) .
* A}, p+ (P3g —m3,)?

(2.20)

The cutoff parameters A, Ay, pand Ay, pin (2.18), (2.19),
and (2.20), respectively, are treated as free parameters which
could be adjusted to fit the experimental data.

We use in (2.10) the tensor-meson propagator with
the simple Breit-Wigner form; see (3.35) of [41]. A better
representation for the propagator could be constructed
using the methods of [26,47], used there for the pO and
f»(1270) propagators. In our calculations we take the
nominal values for the f,(1950) from [29]:

my, = (1936 + 12) MeV,

= (464 + 24) MeV. (2.21)

For the f,K*K* vertex function we take the same ansatz
as for the f,¢¢ vertex defined in (3.32) of [41]. The
f,K*K* vertex is as follows:

5 (py.py)

M3gf K*K* ﬂl/K/I(p'% 4) F'RKK) (p2 )

2
F,Eyll(pa, P4) = (P3 - Pa)(GucGor + Gur9ux)

+ G (P3cPas + PaxP32) — P3wPaix
— P3uPax9ur — PauP329ukc — P4uP3x9va
—[(P3° P4) 9w — PapP3)95 (2.24)

see Egs. (3.18) and (3.19) of [26]. The coupling parameters
g}.z K and ¢’ Kk are dimensionless. Different form

factors F' and F” are allowed a priori. We assume, in
the present exploratory study, that

F/<f2K*I'(*)(p%4) _ F//(fzK*]_(*)(p%4) _ F([F"sz)(p%4) (225)

and for the cutoff parameters to be the same, A/ = A}’z =
Ay, g or Ay, p; see (2.19) and (2.20).

One has to keep in mind that relative signs of couplings
have physical significance, for instance, the relative sign of
g and ¢’. However, for orientation purposes, in the
calculation we treat them separately and do not fix the
sign of the f, couplings. With our choice to keep only one
PPf,(1950) coupling from (2.14), namely (2.15) with

(1)

Jppy,» the results will depend on the product of the

. 1 1 .
couplings gﬁm[;fzg}zl(* i and gn(j,uz,fzg;ﬁzmk* with g .z

and g;ﬁz ki given in (2.22). In the following we assume

that only either the first or the second of the above products
of couplings is nonzero.

B. Diffractive continuum contribution

The diagram for the continuum K*°K*° with an inter-

2)
_lﬁog;zK*k*ruuxa(P37P4)F//(fzK Kl (222) mediate K*0 exchange is shown in Fig. 1(b). The Born-
level amplitude can be written as the sum
with two rank-four tensor functions,
0 (K*-exchange)ksk, (H)K3k. (f1)k3k.
F;(w)m(P&m) = [(P3 : P4)g,w —P4,4P3u] ﬂa/lb—%l/lzK*f(*S L= /1”,1:—321/121(*1‘(* + M/laib:; L K*K*
1 (2.26)
X P3KP41+P4KP31—§(P3'P4)9Kz .
(2.23) with the 7- and ii-channel amplitudes:
|
7 o — (P . K* . * A
My, = (=0)a(py, )Tl (P pa)u(pas AgJiAP P (5,3, 1 )T E ) (b = py )ik s ()
PK*K
X lrl(<4K20!2/52)(p4 PIAPIEP (50, 15)i(pa 1) iTul?) (2. py)u( Py J)- (2.27)
i o= . KK o\ (K PK*
M, = (=0a(p1, 2)ITL (pr. pa)u(pas 2a) iAW h (5,4, 1 )ITEE N (pa pu)id K% (p, )T E ) (b =ps)
X iAPIaPatara (5,5, fz)b_l(Pzﬂlz)iruzfzp)(Pz, Po)u(Pys ), (2.28)
where p, = p, = p1 = P3, Pu = Pa— Pa+ P1s Sij = (pi + p))*.
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Our ansatz for the PK*K* vertex follows the one for the
Ppp in (3.47) of [26] with the replacements ap,, — apg: -
and bp,, = bpgg+; see also Egs. (3.12)~(3.14) of [41].
With k', 4 and k, v the momentum and vector index of the
outgoing and incoming K*, respectively, and x4 the tensor-
Pomeron indices, the PK*K* vertex reads

= iFM((k/ - k)z)[zaPK*K*F( )

ll—‘(PK* (k, k) JHVKA
— bpgg- ;wK/I(k/ _k)]

7

(K, —k)
(2.29)

Here the coupling parameters a and b have dimensions
GeV~™3 and GeV~!, respectively. We take for F(t) the
form given in (2.18) but with A} — AZ,

1

Ful) == (2.30)

The amplitudes (2.27) and (2.28) also contain a form
factors for the off-shell dependencies of the intermediate
K* mesons, Fy-(p?) and Fy-(p2), respectively. These
form factors are parametrized in the exponential form

a2 2
A n P — Mg
FK*(pz) = exp(TK>
off . E

(2.31)

We assume that only one coupling in (2.29) contributes,
that is, apg-g- # 0 or bpgg+ # 0. With this assumption, the
sign of a or b does not matter as the corresponding coupling
occurs twice in the amplitude. The PK*K* coupling
parameters (a, b) and the cutoff parameters (A,
could be adjusted to experimental data.

For the K*-meson propagator AK{(KZ using the properties
of tensorial functions we can make the replacement

Aif:z)(ﬁz) - —gKlKZA;K*)(iﬂ). We take for p> <0 the

simple expression (A;K*)( )7 = pP - mi..

We should take into account the Reggeization of
intermediate K* meson. In [48] it was argued that the
Reggeization should not be applied when the rapidity
distance between two centrally produced mesons, Yy =
Y5 — Yy, tends to zero (i.e. for | p?| ~ s34). We follow (3.25)
of [41] and use a formula for the K* propagator which
interpolates continuously between the regions of low Y g,
where we use the standard K* propagator, and of high Y g
where we use the Reggeized form:

Aotr.B)

K*)/a K X
A’<<1Kz>(p) - A'<<1Kz)( ) (Ydl f) + AKle (p)[] F(Ydiff)]
. Ky (IK* ) 1
x (exip(os) 2 )
Sthr
F(Yairr) = exp (—Cy|Ydiff|),

T Sthr — 534 T
= Zexp(t—i3) T 2.32
How) = Foxp (M) -2 2.32)

where s34 = M3.o .00 St = 4050,
parameter which measures how fast one approaches to the
Regge regime. Here we take c, = 2. This choice is
motivated by Fig. 6 of [41].

We assume for the K* Regge trajectory a simple linear

form [see (5.3.1) of [49]]

and Cy is an unknown

y

e (p?) = ag-(0) + dy. p2. (2.33)
with the intercept and slope of the trajectory ag-(0) = 0.3
and . = 0.9 GeV~2, respectively. We W111 also show
the results using a nonlinear Regge trajectory” for the K*
mesons, the so-called “square-root” trajectory, parametr-
ised as [50]

+y(\/T7*

where y governs the slope of the trajectory and T'g- denotes
the trajectory termination point. The parameters are fixed to
be ag-(0) = 0.414, y = 3.65 GeV~!, \/Tx- = 2.58 GeV.

AZ) (2.34)

Ye (13 ) = 0‘1(

III. NUMERICAL RESULTS AND DISCUSSIONS

In this section we wish to present first results for the
pp — ppK*©(892)K*9(892) reaction and for the pp —
ppKTn~K~z" reaction corresponding to the diagrams
in Fig. 1.

A. Comparison with the WA102 data

It was noticed by the WA102 Collaboration [10] that the
cross section for the production of a K*(892)K*(892)
system slowly rises with rising the center-of-mass
energy +/s. The experimental results, for the same interval
on the central K*K* system |xz| < 0.2, are 0.y, = 67 &
16 nb at /s = 12.7 GeV [8], 6¢x, = 70 = 14 nb at /s =
23.8 GeV [9], and 6.y, = 85 £ 10 nb at Vs =29.1 GeV
[10]. This suggests that the Pomeron-Pomeron fusion
mechanism is the dominant one for the pp — ppK*°K*°
reaction in the above energy range. A similar behavior of
the cross section as a function /s was observed exper-
imentally also for the ¢¢ production [11]. In the following
we neglect, therefore, secondary Reggeon exchanges.

In Fig. 2 we show the invariant mass distributions for the
PP — f,(1950) mechanism together with the WA102
experimental data from Fig. 2 of [10]. The data points
have been normalised to the mean value of the total cross
section o, = 85 £ 10 nb from [10]. For the purpose of
orientation, we have assumed, that in the PPf,(1950)
vertex (2.14) only ¢\") coupling constant is unequal to zero.
We have checked that for the distributions studied here

For the discussion of nonlinear Regge trajectories see
Ref. [20] and references therein.
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FIG. 2. The distributions in K**K* invariant mass compared to the WA102 data [10] for the PP — £,(1950) contribution. The
calculations were done for /s = 29.1 GeV and for |x;| < 0.2 of the central K*K* system. The data points have been normalized to the

total cross section Gey, = 85 nb. We show results for the two sets of coupling constants |g§)1[g,, £ jf kx| =

1 I
|g[F°[P’fzgf2[(*f(*

= 11.0 (right panel) and for various cutoff parameters A, p = 1.0, 1.4, 1.6, and 2.0 GeV in the form factors (2.20) and

(2.25) describing the off-shellnes of the f, meson. We have taken here /~\% = 0.5 GeV? (2.18). In addition, we show also a naive results
that corresponds to the calculations without these form factors. The absorption effects are included.

the choice of PPf, coupling is not important. This is
similar to what was found in [41] for the reaction
pp = pp(PP — f,(2340) — ¢¢). In the calculation we
take only one PPf, coupling [gu(wluif, from (2.14)] and only
one f,K*K* coupling [g}2 Kk Of g;ﬁ2 kg from (2.22)]. The
results shown in the left panel correspond to the product of
the couplings |g") x ¢/| = 28.0, while the results in the
right panel are for [g(!) x ¢”| = 11.0. We note that only the
absolute value of both products for fixed the cutoff
parameter of the f,-meson off-shell form factor (2.25)
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FIG. 3.

can be determined. We have checked that in both cases the
results for the product of the form factors F(PP/2)(p3,) x

FUKK (p2 ) assuming the same type of form factors,
(2.19) or (2.20), are similar. In the following we choose in
the calculation only the power form (2.20) with the cutoff
parameter Ay, p (2.22). Itis clearly seen from the left panel
that the result without these form factors, i.e., for
P = m}j, is well above the WA102 experimental data
for M g0 k;o > 2.1 GeV. The results are very sensitive to the
choice of the cutoff parameters. It can be observed that as

10°

I B o U I I
ppﬁppKK \s= 291GeV [x 1 <02 7
forlg ><g”|—10

e - i=

107

—_
(=]

L
(VU E S

—

do/dY ;. (nb)
3

1072

107

-4”.'\;':‘.'”\”H\HH\H‘{‘-\H
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Ydiff

The distributions in Y4 for the process PP — f,(1950) — K*°K*°. The calculations were done for /s = 29.1 GeV and for

|xp| < 0.2 of the central K*K* system. We show the individual contributions of the different PP f, couplings (2.14) with index j. We
have taken here /N\% =0.5 GeV? and Ag, p = 1.6 GeV. The results in the left panel have been obtained with coupling constants

|gPP fs g}-z KR

= 1.0, while the results in the right panel with | gl%ﬂ !

Ykl = 1.0. The absorption effects are included.
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FIG. 4. The |¢| (left panel) and ¢, (right panel) distributions for the pp — pp(PP — f,(1950) — K*°K*?) reaction for the WA102

kinematics. The meaning of the lines is the same as in the right panel of Fig. 3. The calculation was done for | glgul )

absorption effects are included.

Ay, p decreases then mainly the right flank of the resonance
is reduced and thus it becomes narrower. For Ay p =

1.6-2.0 GeV and |¢g!") x ¢"| = 11.0 (see the short-dashed
lines in the right panel) an agreement with the WA102 data
in the invariant mass range Mgz € (1.9,2.2) GeV can
be obtained.

In Figs. 3 and 4 we show different differential observ-
ables in Y, the rapidity difference between the two K*°
mesons, in [f|, the transferred four-momentum squared
from one of the proton vertices (t = 1, or t,), and in ¢,,,,
the azimuthal angle between the transverse momentum
vectors p, 1 and p, , of the outgoing protons. We present the
results obtained separately for different couplings taking
into account the absorptive corrections. In the left panel of
Fig. 4 we show results for the individual j coupling terms
g,](jfn):,fz X ij i (only for five terms), while in the right

(/)

panel for g[P’,]sz X g;ﬁz i For illustration, the results have

been obtained with coupling constants |¢g\/) x ¢/| = 1.0 (left
panel) and |g/) x ¢”| = 1.0 (right panel). The shape of
the Yy distribution depends on the choice of the
f2(1950)K*K* coupling. It can be expected that this
variable will be very helpful in determining the f,K*K*
coupling using data from LHC measurements, in particular,
if they cover a wider range of rapidities; see the discussion
in Sec. IV B of Ref. [41]. The shapes of the distributions in
Y 4 Within each group are similar except of j = 2 term. In
Fig. 4 we show the results only for the second group with
the ¢” coupling. We have checked that with the ¢ coupling
the shapes of the distributions for these observables are
very similar. Compared to the WA102 data from [10] that
will be presented later (Fig. 6), it can be concluded that
the terms j =2 and 5 can be excluded. We find that the
three cases, j =1, 3 and 4, give similar characteristics
for the WA102 data. In the following considerations, for

g} x-x-| = 1.0. The

simplicity, we assume only one set of couplings, namely,

F= 1 gy and

Now we turn to the diffractive continuum mechanism. In
Fig. 5 we show the results for the continuum process via the
K*0-meson exchange including the Reggeization effect
given in (2.32), (2.33). In our calculation we take Ay g =
1.6 GeV in (2.31). We compare our results assuming only
one type of the PK*K* coupling, a or b, to the WA102
experimental data for the M g.og+o distribution. Our model
calculation with only the b-type coupling (¢ =0 and

250 ‘ —

L #0="0 i

L pp > ppK 'K |

. (s=29.1GeV, [x, /<02 |

~ 200 % e WAIO2 data b

% - — — Continuum, a-type coupling -

Q i —— Continuum, b-type coupling |
e}

e 10r ]

iM L » ]

= 100 f

S L ]

S L i

= L i

0| -~ 7

|/ T~ ]

Ll =

obd— 1 . . b ‘ J

2 2.5 3 35
M, .0 (GeV)
FIG. 5. The same as in Fig. 2 but here we show the theoretical

results for the continuum mechanism. We show results for the two
type of the PK*K* coupling considered separately, apg-x- and
bpyx+, occurring in (2.29). The results are normalized to the
same value ¢ = 85 nb. The red dashed line corresponds to |a| =
1.83 GeV~ and b = 0, while the black solid line corresponds
to a=0 and |b| =437 GeV~!. The absorption effects are
included.
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FIG. 6. The |[¢f| (left panel) and ¢,, (right panel) distributions for the pp — ppK**K*" reaction at /s =29.1 GeV and
|xp xg-| £0.2. The data points from [10] have been normalized to the total cross section oy, = 85 nb. We show results for the
continuum contribution obtained with the b-type coupling only in the Born approximation and with absorption.

|b| = 4.37 GeV~") describes the experimental data reason-
ably well, although, because of large experimental error
bars, a small contribution from the a-type coupling cannot
be ruled out.The option |a| = 1.83 GeV~> and b = 0 (see
the dashed line) is clearly ruled out by the WA102 data.
We cannot also completely rule out some contribution
of the f,(1950) resonance. We wish to point out that the
interference effects possible between these terms may also
play an important role; see [41]. This requires further
analysis and will only be meaningful once experiments
with better statistics become available. Hopefully this will
be the case at the LHC.

In Fig. 6 we show the results for the [¢t| and ¢,,
distributions together with the experimental data from
Fig. 3 of [10]. The data points have been normalized to
the mean value of the total cross section (6., = 85 = 10 nb)
from [10]. We present results only for the continuum K*°-
exchange contribution without (the top lines) and with (the
bottom lines) the absorption effects included in the calcu-
lations. We have checked that the f,(1950)-exchange con-
tribution (with g") and ¢ or ¢ couplings) has a very similar
shape of these distributions. The absorption effects lead to a
large reduction of the cross section. We can see a large
damping of the cross section in the region of ¢, ~ . The
ratio of full (including absorption) and Born cross sections
(8?), the gap survival factor, for the WA102 kinematics
(v/s =29.1 GeV and |xp g | < 0.2) is ($?) = 0.4 for the
continuum contribution and 0.38 for the f, contribution.

In [10] also the dP, dependence for the K*K* system was
presented. Here, dP, (the so-called “glueball-filter variable”
[22,51]) is defined as

dP, = [dP|. (3.1)

In Table I we show the WA102 experimental values for
the fraction of K*K* production in three dP, intervals and

dP; = q;1 —qi2 = Pt2 — Peas

for the ratio of production at small dP, to large dP, and our
corresponding results for the f,(1950) meson and con-
tinuum contributions. The calculations have been done with
the absorption effects included. From the comparison to the
WA102 results we see that smaller values of the cutoff
parameter, A3 = 0.5 GeV?in (2.18) and A3 = 0.5 GeV? in
(2.30), are preferred. We can conclude that both the
continuum contribution with the b-type PK*K* coupling
and the f, contribution with the ¢(") and ¢” couplings have
similar characteristics as the WA102 data.

By comparing the theoretical results and the differential
cross sections obtained by the WA102 Collaboration we
fixed the parameters of our model. With them we will
provide our predictions for the LHC. For the continuum
term we take |bpgg+| = 4.37 GeV™!, apgg =0, Ayt =
1.6GeV, A3 =0.5 GeV?, and for the f,(1950) term
we take |gpp, | =110, Ay p=16,20GeV,
A§=0.5 GeV2.

In the future the model parameters (coupling constants,
form-factor cutoff parameters) could be verified or, if
necessary, adjusted by a comparison to precise experimen-
tal data from the LHC experiments.

!l
Ir.x ke

B. Predictions for the LHC experiments

Here we shall give our predictions for the reaction
pp — ppKTn K~z represented by the diagrams in
Fig. 1. The results were obtained in the calculations with
the tensor-Pomeron exchanges including the absorptive
corrections within the one-channel-eikonal approach.

In Fig. 7 we present the KTz~ K~z" invariant mass
distributions for the continuum K*°-exchange contribu-
tion and the f,(1950)-exchange contribution for the
parameters fixed by the WA102 data. According to the
same strategy as in the previous section both contributions
are considered separately, i.e., without possible interference
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TABLE I. Results of K*K* production as a function of dP, (3.1), in three dP, intervals, expressed as a percentage of the total
contribution at the WA102 collision energy /s =29.1 GeV and for |xp g:z+| <0.2. In the last column the ratios of o(dP, <
0.2 GeV)/o(dP, > 0.5 GeV) are given. The experimental numbers are from [10]. The theoretical numbers correspond to the f,(1950)
production mechanism with the () x ¢ and ¢!’ x ¢’ couplings, As, p = 1.6 GeV in (2.20), and /~\% =0.5,1.0 GeV? in (2.18). For the
continuum mechanism, we show the results only with the b-type PK*K* coupling, Ayg = 1.6 GeV in (2.31), and A% =0.5,1.0 GeV?
in (2.30). The absorption effects have been included in our analysis.

dP, <£0.2 GeV 0.2 <dP, <£0.5 GeV dP, > 0.5 GeV Ratio
Experiment [10] 23+3 54 +3 23+2 1.00 £0.16
£»(1950), ¢V and ¢ couplings
A2 =0.5 GeV? 20.9 56.3 22.8 0.92
A} = 1.0 GeV? 17.8 533 28.9 0.62
£2(1950), ¢V and ¢" couplings
A} =05 GeV? 20.8 56.2 23.0 0.91
A} = 1.0 GeV? 17.7 53.1 29.2 0.61
Continuum, b-type coupling
A} = 0.5 GeV? 20.3 55.2 24.5 0.83
A3 = 1.0 GeV? 17.1 51.8 31.0 0.55
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FIG. 7. Invariant mass distributions for the central K* 7z~ K~z system via the K*°K*" states calculated for /s = 13 TeV with the
kinematical cuts specified in the figure legends. The results for the two mechanisms are presented. For the f,(1950) term we show the
results for Ay, p = 1.6 GeV (the lower dashed lines) and 2.0 GeV (the upper dashed lines). For the continuum term we show results for
two parametrisations of the K* Regge trajectory: the linear form (2.33) (see the lower solid lines) and the “square-root” form (2.34) (see
the upper solid lines). The absorption effects are included.
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TABLE IL

The integrated cross sections in nb for the reaction pp — pp(K*°K*® — K™z~ K~z™") for the f,(1950) contribution (for

Ag, p = 1.6-2.0 GeV) and the K *O_exchange continuum contribution; see Fig. 1. The results have been calculated for /s = 13 TeV
and some typical experimental cuts on pseudorapidities and transverse momenta of produced pions and kaons. The absorption effects

were included here.

Cross sections (nb)

Vs (TeV) Cuts f2(1950) Continuum
13 Il < 1.0, poas > 0.1 GeV 18.6-23.7 32.1
13 [7m] < 2.5, poys > 0.1 GeV 151.5-190.0 249.4
13 3] < 2.5, pryy > 0.2 GeV 56.5-75.0 109.2
13 | <2.5, po > 0.2GeV, 0.17 GeV < | p, | < 0.5 GeV 8.8-11.7 17.0
13 2 <y <45, poy > 0.1 GeV 58.6-72.9 93.1
13 2 <y <45, poy > 0.2 GeV 23.3-30.6 43.1

effects between the continuum K*°K*° and the signal f, —
K*°K*Y processes. The calculations were done for /s =
13 TeV with typical experimental cuts on 7, (pseudor-
apidities) and p,,, (transverse momenta) of centrally
produced pions and kaons. There are shown the results
with an extra cut on momenta of leading protons
0.17 GeV < |p, ,| < 0.50 GeV that will be applied when
using the ALFA subdetector on both sides of the ATLAS
detector. We show results for larger (forward) pseudor-
apidities and without a measurement of outgoing protons
relevant for the LHCb experiment. We can see that the
distributions of both considered mechanisms have maxi-
mum around Mg+g-,+,- ~2 GeV; therefore, the con-
tinuum term close to the threshold may be misidentified
as a broad f,(1950) resonance. A clear difference is visible
at higher values of the invariant mass of the Kt K~z 7~
system. The invariant mass distributions for the continuum
contribution is broader compared to the f,(1950) contri-
bution which we show for two cutoff parameters Ay, p =
1.6 GeV and 2.0 GeV. For the continuum term we show
results with the K* Regge trajectory both for the linear form
(2.33) (see the lower solid lines) and the “square-root” form
(2.34) (see the upper solid lines).

In Table II we have collected integrated cross sections in
nb for different experimental cuts for the exclusive
K*K~ntz~ production via the intermediate K*°K*° states
including the contributions shown in Fig. 1. The ratio of the
full and Born cross sections at /s = 13 TeV is approx-
imately (S?) 2 0.19 for the K*%-exchange continuum con-
tribution and (S?) = 0.18 for the f,(1950)-exchange
contribution. For the continuum, we used (2.33). For the
S case we show the results for Ay, p = 1.6 GeV (smaller
cross sections) and 2.0 GeV (larger cross sections).

Let us complete our analysis with the following remark.
We are assuming that the reaction pp — ppK**K* is
dominated by Pomeron exchange, for both the f,(1950)
and continuum mechanisms, already at /s = 29.1 GeV.
Using this we have fixed some parameters of our model
and then have calculated the cross sections for the LHC. But,
the subleading Reggeon-exchange contributions (e.g.,

forfor- forP-, Pfor-fusion processes) can also participate.
The inclusion of these subleading exchanges would introduce
many new coupling parameters and form factors and would
make a meaningful analysis of the WA102 data practically
impossible. However, for the analysis of data from the
COMPASS experiment, which operates in the same energy
range as previously the WA 102 experiment, it could be very
worthwhile to study all the above subleading exchanges in
detail. Keep in mind that at high energies and in the
midrapidity region the subleading exchanges should give
small contributions. However, they may influence the abso-
lute normalization of the cross section at low energies. In
general, our two mechanisms may have different production
modes, and therefore also different energy dependence of the
cross section. Therefore, our predictions for the LHC experi-
ments should be regarded rather as an upper limit.

IV. CONCLUSIONS

In this paper, we have discussed diffractive production of
K*9K*® system in proton-proton collisions within the
tensor-Pomeron approach. Two different mechanism have
been considered, central exclusive production of the
f2(1950) resonance and the continuum with the intermedi-
ate K*9-meson exchange. By comparing the theoretical
results and the WA102 experimental data [10] we have
fixed some coupling parameters and off-shell dependencies
of an intermediate mesons.

We have shown that the continuum contribution alone,
taking into account the dominance of the b-type of the
PK*K* coupling, describes the invariant mass spectrum
obtained by the WA102 Collaboration reasonably well.
This is not the case for the f,(1950) meson for which an
agreement with the WA102 data for the preferred type of

couplings g[,% , and jf’ k- 0 the limited invariant mass

range was found. We have found that, in both cases, the
model results are in better agreement with the WA102 data
taking into account the tensor-vector-vector vertices (cou-
plings) with the I'® function rather than I'© one. This
observation in our tensor-Pomeron approach should be
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verified by future experimental results. Hopefully this will
be the case at the LHC.

In the calculation the absorptive corrections calculated at
the amplitude level and related to the proton-proton non-
perturbative interactions have been included. It is known
that the absorption effects considerably change the shape
of the distribution for ¢, ,, the azimuthal angle between
the outgoing protons, and the shape of the distribution
for dP,, the difference of the transverse momentum vectors
of the outgoing protons. The ¢,, and dP; dependences
for the K*°K*0 system was measured by the WA102
Collaboration. We have reproduced these results fairly
well in our model including absorption effects. The final
distributions in these variables for both mechanisms con-
sidered are very similar to each other.

Assuming that the WA 102 data are already dominated by
Pomeron exchange, we have calculated the cross sections
for the reaction pp — ppK*°K*? for experiments at the
LHC imposing cuts on pseudorapidities and transverse
momenta of the pions and kaons from the decays
KK — (K*z7)(K~x"). The distributions of the invari-
ant mass of the K™z~ K™zt system have been presented.
We should keep in mind that both considered mechanisms

have a maximum around Mg+ g-,+,- ~2 GeV, thus a
broad enhancement (at least part of it) in this mass
region can be misidentified as the f,(1950) resonance.
Furthermore, a similar behavior of the continuum and f,
production processes makes an identification of a hypo-
thetical tensor-glueball state in this reaction rather difficult.

We have found in this paper that the diffractive processes
leads to a cross section for the K*°K*® - K*z~K~n*t
production more than one order of magnitude larger than
the corresponding cross section for the ¢p(1020)¢(1020) —
K*TK~ K"K~ processes considered in [41]. Our predictions
can be tested by all collaborations (ALICE, ATLAS, CMS,
LHCb) working at the LHC. A measurable cross section for
the exclusive process pp — pp(K*°K** - K*n=K~z")
should provide an interesting challenge to check and
explore.
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