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We evaluate differential distributions for the four-body pp — ppK* K~ reaction at high energies,
which constitutes an irreducible background to three-body processes pp — ppM, where M =
@, £2(1275), fo(1500), £5(1525), x.o. We consider the central diffractive contribution mediated by
Pomeron and Reggeon exchanges as well as a completely new mechanism of emission of kaons from
the proton lines. We include absorption effects due to proton-proton interaction and kaon-kaon rescatter-
ing. We compare our results with measured cross sections for the CERN Intersecting Storage Rings
experiment. We make predictions for future experiments at RHIC, Tevatron, and LHC. Differential
distributions in invariant two-kaon mass, kaon rapidities, and transverse momenta of kaons are presented.
Two-dimensional distribution in (yg+, yx-) is particularly interesting. The higher the incident energy, the
higher preference for the same-hemisphere emission of kaons. We find that the kaons from the new
mechanism of emission directly from proton lines are produced rather forward and backward but the
corresponding cross section is rather small. The processes considered here constitute a sizeable con-
tribution to the total proton-proton cross section as well as to the kaon inclusive cross section. We consider
a measurement of exclusive production of a scalar y., meson in the proton-proton collisions via Y. —
K*K~ decay. The corresponding amplitude for exclusive central diffractive y,, meson production is
calculated within the k,-factorization approach. The influence of kinematical cuts on the signal-to-

background ratio is discussed.

DOI: 10.1103/PhysRevD.85.014026

L. INTRODUCTION

The exclusive pp — ppK* K~ reaction was studied
only at low energy [1,2]. Here the dominant mechanisms
are exclusive a((980) and f,(980) production [1] or
excitation of the nucleon and A resonances [2]. The
main aim of this paper is to discuss mechanisms of
exclusive K*K~ production in hadron-hadron collisions
at high energies. Processes of central exclusive produc-
tion became recently a very active field of research (see,
e.g., Ref. [3] and references therein). Although the at-
tention is paid mainly to high-p, processes that can be
used for new physics searches (exclusive Higgs, yy
interactions, etc.), measurements of low-p, signals are
also very important as they can help to constrain models
of the backgrounds for the former ones. The pp —
ppK*t K~ reaction is a natural background for exclusive
production of resonances decaying into K™K~ channel,
such as: ¢, £,(1270), fo(1500), f5(1525), x.o. The ex-
pected nonresonant background can be modeled using
a ‘“‘nonperturbative” framework, mediated by Pomeron-
Pomeron fusion with an intermediate off-shell pion/kaon
exchanged between the final-state particles. The two-
pion background to exclusive production of f,(1500)
meson was discussed in Ref. [4]. In Refs. [5,6], we
have studied the production of 77~ pairs for low

*piotr.lebiedowicz @ifj.edu.pl
antoni.szczurek @ifj.edu.pl

1550-7998/2012/85(1)/014026(14)

014026-1

PACS numbers: 13.87.Ce, 13.60.Le, 13.85.Lg

and high energies. Here we wish to present a similar
analysis for KTK~ production at high energies. The
dominant mechanism of the pp— ppw 7, pp—
ppK* K~ reactions at high energies is relatively simple
compared to that of the pp — nnmw" 7t [7] or pp —
ppm°a° processes. In Ref. [8] a possible measurement
of the exclusive 7777~ production at the LHC with
tagged forward protons has been studied.

A study of the centrally produced 7" 7~ and K*K~
channels in pp collisions has been performed experimen-
tally at an incident-beam momenta of 300 GeV/c (\/s =
23.8 GeV) [9] and 450 GeV/c (/s = 29.1 GeV) [10]. In
the latter paper, a study has been performed of the reso-
nance production rate as a function of the difference in the
transverse momentum vectors (dPy) between the particles
exchanged from vertices. An analysis of the dP; depen-
dence of the four-momentum transfer behavior shows that
the p°(770), ¢(1020), f,(1270), and f5(1525) are sup-
pressed at small dPy in contrast to the f,(980), f(1500),
and f,(1710). Different distributions are observed in the
azimuthal angle (defined as the angle between the p,
vectors of the two outgoing protons) for the different
resonances (see [10]). The mass spectrum of the exclusive
K*K~ system at the CERN Intersecting Storage Rings
(ISR) is shown, e.g., in Ref. [11] at /s = 63 GeV and in
Ref. [12] at /s = 62 GeV (this is the highest energy at
which normalized experimental data exist).

Recently, there was interest in central exclusive produc-
tion of P-wave quarkonia (see Refs. [13—17]) where the
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QCD mechanism is similar to the exclusive production of
the Higgs boson. Furthermore, the x () states are ex-
pected to annihilate via two-gluon processes into light
mesons, in particular, into K" K~. Also some glueball
candidates [18] can be searched for in this channel.

The cross section for central exclusive production of y,
mesons has been measured recently in proton-antiproton
collisions at the Tevatron [19]. In this experiment Y.
mesons are identified via decay to the J/¢ + y with the
J/ — put u channel. At the Tevatron, the experimental
invariant mass resolution was not sufficient to distinguish
between scalar, axial, and tensor y.. While the branching
fractions to this channel for axial and tensor mesons are
large [20] [B = (34.4 = 1.5)% and B = (19.5 * 0.8)%,
respectively] the branching fraction for the scalar meson
is very small B = (1.16 = 0.08)% [20]. Theoretical cal-
culations have shown [15] that the cross section for ex-
clusive y.o production obtained within the k, factorization
is much bigger than that for y.; and y.,. As a consequence,
all y, mesons give similar contributions to the J/¢ + vy
decay channel. Clearly, the measurement via decay to the
J/ + v channel at Tevatron cannot provide a cross sec-
tion for different species of y..

The scalar y .o meson decays into several two-body (e.g.,
mm K*K~, pp) and four-body final states (e.g.,
ata ata™, wt 7w KtK"). The observation of y, cen-
tral exclusive production via two-body decay channels is of
special interest for studying the dynamics of heavy quar-
konia. The measurement of exclusive production of the y,.q
meson in proton-(anti)proton collisions via y,,— 7" 7
decay has been already discussed in Ref. [21]. In the
present paper, we analyze a possibility to measure Yy,
via its decay to the K" K~ channel. The branching fraction
to this channel is relatively large B(y,,— K"K~) =
(0.61 = 0.035)% [20]. In addition, the axial y., does not
decay to the KK channel and the branching ratio for the y .,
decay into two kaons is smaller B(y., — KTK~) =
(0.109 = 0.008)% [20]. A much smaller cross section for
X production as obtained from theoretical calculation
means that only y., will contribute to the signal.

Exclusive charmonium decays can be also studied in
e’ e colliders. Here the y,, states are copiously produced
in the radiative decays #(2S) — yx.; [20]. Recently, the
BESIII Collaboration performed a measurement of the
hadronic decays of the three y., states to ppK K~
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[pPK* A(1520), A(1520)A(1520), and ¢pp] [22]. In the
present paper, we discuss a possibility to measure Y. in
the K"K~ channel. Here, continuum backgrounds are
expected to be larger than in the eTe™ collisions. This

will discussed in the present paper.

II. CENTRAL DIFFRACTIVE CONTRIBUTION
A. The KN scattering

In order to fix the parameters of our double Pomeron (IP)
exchange (DPE) model we consider first elastic KN scat-
tering. The forward amplitudes Mgy (s, t = 0) of the elas-
tic scatterings are written in terms of the Regge exchanges:

My ks ,(5,0) = Agp(s, 0) + Ay (s5,0) + A, (5, 0)
+A,(5,0) FA,(s,0),

MKin—J(tn(s’ 0) = AIP(S’ 0) + Afz (S, O) - Aaz (S, 0)
+A,(5,0) = A,(s,0). (2.1)

The optical theorem relates the total cross section for the

scattering of a pair of hadrons to the amplitude for elastic

scattering: ImM (s, t = 0) ~ s, (s). When the center-

of-mass energy /s is large, the elastic KN scattering
amplitude is a sum of the terms:

a; (=1 Bi
Ai(s, 1) = msC,KN(i) exp( N t), (2.2)
So

where i = IP, f,, a,, w, and p. The energy scale s, is
fixed at s, = 1 GeV?. The values of coupling constants
(CKN) are taken from the Donnachie-Landshoff analysis of
the total cross section in several hadronic reactions [23].
The parameters of Regge linear trajectories [a;(f) =
a;(0) + «a!r] and signature factors (7,) used in the present
calculations are listed in Table I. The slope of the elastic
KN scattering can be written as

B(s) = B, + 2a;1n<i), 2.3)
So

and only the B, parameters are adjusted to the existing
experimental data for the elastic KN scattering.

The differential elastic cross section is expressed with
the help of the elastic scattering amplitude, usually as

TABLE I. Parameters of Pomeron and Reggeon exchanges determined from elastic and total cross sections used in the present
calculations.

i n; a;(1) CNN (mb) CKN (mb) CKK (mb)
1P i 1.0808 + (0.25 GeV ?)t 21.7 11.82 =~ 6.438
/2 —0.860895 + i 0.5475 + (0.93 GeV 2t 75.4875 15.67 ~3.253
p —1.16158 — i 0.5475 + (0.93 GeV~2)z 1.0925 2.05 ~ 3.847
a, —0.860895 + i 0.5475 + (0.93 GeV~2)t 1.7475 1.585 ~ 1.438
® —1.16158 — i 0.5475 + (0.93 GeV~2)t 20.0625 7.055 ~2.481
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da’el _ 1

= Toms? [Mn (s, D).

(2.4)

The differential distributions do,;/dt for both K*p and
K™ p elastic scattering for three incident-beam momenta of
P, =5 GeV, P, = 50 GeV, and P,,;, = 200 GeV are
shown in Fig. 1. With the slope parameters, as in Ref. [6],
BEN = BTl =55 GeV 2, BKN = BTN =4 GeV~? for
Pomeron and Reggeon (IR) exchanges; a rather good de-
scription of experimental do,;/dt is achieved. The excep-
tion is the low energy K% p scattering. Here, A baryon
exchange is a possible mechanism in addition to Pomeron
and Reggeon exchanges.
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We describe the existing experimental data for elastic
K~ p and K™ n scattering for \/s > 3 GeV and for elastic
K™ p scattering for \/s > 7 GeV as can be seen from Fig. 2.
As will be discussed in the course of this paper, the small
Kp energies where we fail to describe the experimental
data are important only at large (pseudo)rapidities of K" or
K~ where a measurement is practically impossible. In the
Regge approach, the high-energy cross section is domi-
nated by the Pomeron exchange (dashed lines). The
Reggeon exchanges dominate in the resonance region
(dash-dotted lines). While the total cross section is just a
sum of the Pomeron and Reggeon terms, the elastic cross
section has the interference term (long-dashed lines). In
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FIG. 1 (color online).

Differential distributions for K p (left) and K~ p (right) elastic scattering for three incident-beam momenta of

P, = 5,50,200 GeV. The experimental data are taken from Refs. [32] and the names of first authors are given explicitly in the figure.
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FIG. 2 (color online).

order to exclude low energy regions, the Mgy(s, ) elastic
scattering amplitudes are corrected by purely pheno-
menological smooth cutoff correction factor (as in
Ref. [6]).

Our model sufficiently well describes the KN data and
includes absorption effects due to kaon-nucleon rescatter-
ings in an effective way. This has a clear advantage for
applications to the pp — ppK" K~ reaction where the KN
absorption effects do not need to be included explicitly.
Having fixed the parameters we can proceed to our four-
body pp — ppK" K~ reaction.

PHYSICAL REVIEW D 85, 014026 (2012)

10

elastic

Cross section (mb)
=

T \‘\/_\-M‘

—_
—_
(=1
— F
(=
T
—_
(=
T

Vs (GeV)

107 F ]
— L § K DNy :
o s ]
g/ W
g f?
5 10
Q B,
g K Dejastic
CREN

s (GeV)

The integrated cross section for the KN total and elastic scattering. The experimental data are taken from
particle data book [20]. The lines are explained in the main text.

B. Central diffractive production of K" K~

The dominant mechanism of the exclusive production of
K* K~ pairs at high energies is sketched in Fig. 3. The
formalism used in the calculation of the amplitude is
explained in detail elsewhere for the %7~ production
[6,21] and here only main aspects are discussed. The full
amplitude for the process pp — pK+*K p (with four-
momenta p, + p, — p; + p3 + ps + py, respectively)
is a sum of the Born and rescattering amplitudes

M

full — Born pp—rescatt KK —rescatt
ll | ex = Mo+ M + M .

(2.5)

FIG. 3 (color online).

The central diffractive mechanism of exclusive production of K* K~ pairs including the absorptive corrections

due to proton-proton interactions as well as kaon-kaon rescattering. S,;; (S matrix for eikonal approach).
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The Born amplitude can be written as

MPo™ = My5(sy3, 1) F(D) ——5 P— FK(t)M24(524’ 1)

+ My4(s14, tl)Fk(M) FK(”)MZS(SQ% 1),

(2.6)

where M (s;;, t;) denotes “interaction” between the for-
ward proton (i = 1) or backward proton (i = 2) and one of
the two kaons (k = 3 for K*, k = 4 for K~). The energy
dependence of the KN elastic amplitudes is parametrized
in terms of Pomeron and f,, a,, w, and p Reggeon ex-
changes as explained in Sec. IIA. The Donnachie-
Landshoff parametrization is used only above resonance
regions for the KN subsystem energy ,/s; >2 — 3 GeV.
In order to exclude resonance regions, the M;, terms are
corrected by purely phenomenological smooth cutoff cor-
rection factors which, in practice, modify the cross section
only at large rapidities [6].

The kaon exchange as a meson exchange is a correct
description at rather low energies. At higher energies a
kaon Reggezation is required [21]. This is done by the
following replacement:

1

Ja—mz PO T+ Br(HPK(i/0,9), (2.7)

where we have introduced the kaon Regge propagator
PK(i/a,5) = P™(i/0,5) (see Ref. [21,24]). Above we
have written §, #, iI to stress that these are quantities for a
subprocess rather than for a full reaction. 8,,(5) and Bx(3)
are the phenomenological functions whose role is to inter-
polate between the meson and the Reggeon exchange.
Here, as in Ref. [21], we parametrize them as B,,(8) =
exp(—(§ — 4m%)/A?,), Br(5) = 1 — By (8). The parame-
ter A, can be fitted to experimental data. From our general
experience in hadronic physics, we expect it to be about
Ajpe ~ 12 GeV.

The form factors, F(7/1), correct for the off-shellness of
the intermediate kaons in the middle of the diagrams
shown in Fig. 3. In the following they are parametrized as

A — 2

Fr(i/a) = exp<t/”A72mK), (2.8)
off

where the parameter A is not known in general but, in
principle, could be fitted to the normalized experimental
data. How to extract Ay will be discussed in the results
section.

The absorptive corrections to the Born amplitude due to
pp interactions were taken into account in [21] as

M pp—rescatt. — g — dek Alp_,pp(s k )

m-s

X MB™pe = pi Py, — Pa) (29)
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where p;, = p, — k,, p, = py + k,, and k, is the trans-
verse momentum exchanged in the blob.

The formulas presented so far do not include 77, KK —
KK rescatterings. The pion-pion interaction at high ener-
gies was studied, e.g., in Refs. [25,26]. In full analogy to
those works at the higher energies, one can include the
i, KK — KK rescattering for our four-body reaction by
replacing the normal (or Reggeized) pion/kaon propaga-
tors (including vertex form factors).

The KK — KK subprocess amplitude for ¢ and u dia-
grams in Fig. 3 is written in the high-energy approximation

F (0 i f Fi (7)) )
= — deA M+ -+ 1-(S, 1),
i—m% 167§ mi K wox(§0)
F%( F2

~ K(u)z _[dz (”1) MK kr—k-k+ (8, ).
it —mg 1677'

(2.10)

Here the integration is over the momentum in the loop (see
[26]). The quantities 7, #; and 75, i, are four-momenta
squared of the exchanged objects in the first and in the
second step of the rescattering process. Other details are
explained in [25].

The elastic amplitudes in the KK — KK subprocesses
are written as

Myk—xk (5, 12 /i5) = Biy ()AL (52/ 1)

+ BR(OARES (5, 1/y), (2.11)

for vector meson (V = p, w, ¢) exchanges and B},(5) =
exp(— (8 —4m%)/AS), Br(3) = 1 — B4,(5), A§ = 9 GeV2.

The Regge-type interaction which includes Pomeron
and Reggeon (f5, a,, p, and w) exchanges applies at higher
energies:

Regge
AK*K’—»K*K’

R §\ai(i)—1 B
(8,1,) = ”’h@CzKK(Ai) ’ exp( KK fz)
So 2

Regge AA N AKK §\ai(a)—1 BlKK
A gk i+ (8 ) = m;3C; <—) exp{—

80
2.12)

where the scale parameter § is taken as 1 GeV? and the
CKK coupling constants can be evaluated assuming Regge
factorization CKK = (CKN)2/CNN and are listed in Table 1.

At low energies, the Regge-type of interactions are not
realistic and rather V = p, w, ¢ meson exchanges must be
taken into account:
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V—exch 2
AK*IC{X’C—J{*K’ (ZZ)
(p3" + PP, (pi” + pY)

= gKKVFKKV(fz) x

Fgy(f),
tz—m%+imvrv gxxvFrrv(ta)

Aerxch (ﬁ2)

K K*—K K*
_ - (03" + pEIP L (PY + pY)
= gxxvFriv(i) - 7.
iy —my, +imyly

gKKvFKKv(ﬁz),
(2.13)

where P, (k) = —g,, + k,k,/m}, and the KKV cou-
pling constants ggxy are given from SU(3) symmetry
relations  2gxk, = V28kkp = 28kkp = &pmmw = 6.04
[27], where the value of g, is determined by the decay
width of the p meson.

Again the w7 — KK subprocess amplitude for the dia-
grams in Fig. 4 is written in the high-energy approximation as

5 /n ;
AF”(Z) S j.dzm
i—m2 1678 L, —m

ke
F(ii i FZ(i .
. = l_, zAfdQKA a( llM’( —eeh (i),
u—ms 16775 ay—ms "7

F2(t . .
77'( 1; MK —exch. (t2),

Tr—K K~

2.14)

with

ME ot (B)
(p3" + PP, (P + p%)

= Gk Pk ()~ .
8wkk U mkk*\12 - m%( + img T

X grkk F ki (1),

My S (i)
(p3" + PP (P + pY)

= 8akk* Fakg: () — 3 ;
U, — mK* + lmK*FK*

X grkk Faxge (i), (2.15)

where now P, (k) = —g,, + k,k,/m%. and we take
8wKK* T _%gpn'w [27].

The quantities F(k?) in Eqgs. (2.13) and (2.15) describe
couplings of extended V = p, w, ¢ and K* mesons, re-
spectively, and are parametrized in the exponential form:

n ”m
Pa
P.f
g iy K h g, T, K (m)
. TC*(302)* K (302)F
to v 20p) K~ (py) by v ) K (ps)
P7 f bl
Dy Db
P2 D2
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F() = exp(% W - m%,)). 2.16)

Consistent with the definition of the coupling constant, the
form factors are normalized to unity when the V = p, w, ¢
or K* meson is on-mass-shell. We take B, = 4 GeV 2.

The amplitudes given by formula (2.15) are corrected by
the factors (§/3,)%**)~1 to reproduce the high-energy
Regge dependence. We take the K* meson trajectory as
ag(k*) = 0.25 + .k, with . = 0.83 GeV 2 [24].

The cross section is obtained by integration over the
four-body phase space, which is reduced to eight dimen-
sions and performed numerically:

] ——
o= [ S IMPCaY &+ py = pi = p2 = ps = o

&dpy dp, dps dp,
(277)32E1 (277)32E2 (277)32E3 (277)32E4
2.17)

The details on how to conveniently reduce the number of
kinematical integration variables are given, e.g., in [6].

III. OTHER DIFFRACTIVE PROCESSES

Up to now we have discussed only central diffractive
contribution to the pp — ppK* K~ reaction. In general,
there are also contributions with other diffractive processes
shown in Fig. 5, not evaluated so far in the literature. It is
straightforward to evaluate the new diffractive contribu-
tions of diagrams (a)—(e) and the Born amplitudes are given
below:

MO, o, = AP A)ivsSa(ph)ivsS,(phy,)

X u(pw /\a)g%KNF]z?(p%fp)

. s \ar(th)—1
< R isci (2)
0

Bip'ty P a1
X exp 2 Ay Ap? (3.1
D1 P
DPa Pa
P.fp P, fp
0 Ty ™' (i) K7 (ps) g ™ (Pi) K (B)
- VK (302)0 . VK (302)0
ts & =i 7 to & T B
P.fp P.fp
Py Py
P2 D2

FIG. 4. The central diffractive mechanism of exclusive production of K™K~ pairs via the K*(892) meson exchanges. f means a

specific isoscalar meson.
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/K+ /K*
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/K+ /K—
/N

P, R

A A
%L@:g_ﬂ LP??G_Z
P

/K+
p /A p
K*;
->- K
e) P P

FIG. 5. Other diffractive contributions leading to the pp — ppK* K~ channel.

b _ .
MB\BA,,—»AI/\Z = i(py, )ll)WsSA(P%ﬂ)
X SA(p)ivsu(pa Aa)&ixn FA(PT)

S124 ap(ty)—1
X FA(p1f1)13124C1P ( s )
0

S134 an(p?)—1/2 BANZ‘2 s
g PKK eXp 2 )‘2 Ab’
Sth

(3.2)

M(Aca)/\h—»)”)tz = i(py, )‘1)Sp(p%ip)iYSSA(p%il)iYSu(pa’ Aa)

X g?\KNF?\(p%il)FQ(p%il)islz

% CNN 512 ap(ty)—1 S14 QN(P?,],) 1/2
1P 50 pK

Sth

S3g4 aA(F%”)_l/z BNN 2
() TR
1

(3.3)

(d)

M). TA— A A u(pl; )ll)i')’SSA(p%f[)i'yS”(pa» )‘a)

X SK(P%fk)gﬁKNFﬁ(P%ﬂ)Fi(p%fk)iSm

« CKN 8§73 ap(tr)—1 S134 al((p%ﬂ()fl

P\ . pKK
S0

Sth

BKNt2
Xexp( ”2’ )5M, (3.4)
M()\?Ab_,).l;\z=17(191:)ll)iYSSA(P%iz)iYSM(Pa»/\ )
XSK(Puk)gAKNF?\(Pl,z)F (P]lk)1524
XC;{[])V(SQA;)U‘IPOZ) 1(512)“1((171,,() 1
o st
513 0‘\(17%“)71/2 BIP 2
X(SATK) exp 5 Opnn, (3.5)
th
where sy =1 GeV? and s0f = (my + my)?, shK* =
(my +2mg)>. In the above equations u(p;, A;),

i(pys, Ap) = uT(pf, )lf)’}/o are the Dirac spinors[normal-
ized as i(p)u(p) = 2my] of the initial and outgoing

protons with the four-momenta p and the helicities A.
Here s;; = (p; + p;)%, si = (p; + p; + pi)? are squared
invariant masses of the (i,j) and (i, j, k) systems.
The four-momenta squared of the virtual particles are

p%lell = (Pap — P3)% P%ﬂzﬂ = (P12 + P4 = S13245
plzk2zk (Pritoi = P1,2)2, plkafk (Pap — Pm,zu)z,
Plipaip = (Privgit = P Pippary = (Prpos + p3)° =

S134,234- While the four-momenta squared of transferred
kaons and protons are less than zero, it is not the case for
transferred A’s where pi,,,, < m}. The propagators for
the intermediate particles are, respectively,

i i(k,y” + mN)

Sx(k?) = 5——,  S,(K¥) = ,
K 2 — m%( P 2 — N
i(k,y” + my)
Sy (K2) = % (3.6)
A

The form factors F;(k*) correct for the off-shellness of the
virtual particles and are parametrized as

y

2
Aoff

_| k2
Fi(k?) = exp( (3.7)
where the parameter A = 1 GeV is taken in practical
calculations. In our calculation, the AKN coupling con-
stant is taken as g3,y = 14 [28].

The Regge parameters in diagram (b) in Fig. 5 [see
Eq. (3.2)] are not known precisely and are assumed to be
CNY =~ C)Y (see Table I) and B)Y =~ B} =9 GeV 2. To
reproduce the high-energy Regge dependence, the ampli-
tudes given in Egs. (3.2), (3.3), (3.4), and (3.5) are cor-
rected, e.g,. the amplitude of (3.4) is multiplied by a factor
(s134/s”KK ax(Pip) =1 The parameters of the Regge trajec-
tories used in the calculation are given as ag(k?) =
0.7(k* — mg), a,(k*) = —0.3 + 0.9k, a,(k*) = —0.6+
0.9k2, for the kaon, proton, and A exchanges, respectively.

Finally, we consider the w7 — KK rescattering mecha-
nism shown in Fig. 6 which is particularly important rather
at lower energies, e.g. for experiment PANDA to be built at
GSI Darmstadt. We write the Born amplitude according to
Feynman rules as
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p
p
0

N
KP—»—— K+
1 K*(892)*
d)—*—— K~
4, 0

FIG. 6. The @7 — KK subprocess leading to the pp —
ppK*" K~ reaction.

My KR LG
= i(py, Aiysu(pa A,)

X S (1) 8 v F o (1) F e (8) (MK —0xh (7)

+ ME —exch (2))i(p, Ar)iysu(py, Ap)

X 8 7(t2) 8 ann Fann(02) F ek (1), (3.8)

where g2 y/4m = 13.5 value is taken and the MK —exch

amplitudes are given by Eq. (2.15).

IV. RESULTS

Now we wish to show results and predictions for existing
and future experiments. We start with the DPE mechanism,
which dominates at midrapidities. In Fig. 7, we show the
two-kaon invariant mass distribution at the center-of-mass
energy of the CERN ISR /s = 62 GeV [12]. In this cal-
culation, the experimental cuts on the rapidity of both
kaons and on longitudinal momentum fractions
(Feynman-x, xp = 2p;/+/s) of both outgoing protons are

2

I pp — pp KK
Vs =62 GeV (ISR) 1
Ikl > 0.9 ]
ly |15 1

{ ‘\ ----- Born —
K — — Born + abs
—— Born + abs + KK-rescat{

do/dM, (ub/GeV)
5
T

My (GeV)

FIG. 7 (color online).

1 1.5 2 2.5 3
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included. The experimental data show some small peaks
above our flat model continuum. They correspond to the
K"K~ resonances [e.g. f,(1270), £5(1525)] which are not
included explicitly in our calculation. In the present analy-
sis, we are interested mostly what happens above the
region Mgx > 2-3 GeV (see the right panel). The results
depend on the value of the nonperturbative, a priori un-
known parameter of the form factor responsible for off-
shell effects [see Eq. (2.8)]. Our model with the Agff =
2 GeV? cutoff parameter fitted to the data provides an
educated extrapolation to the unmeasured region. We com-
pare results without (dotted lines) and with absorption
corrections including the KK-rescattering effect (solid
line). At the y. mass the KK rescattering leads to an
enhancement of the cross section compared to the calcu-
lation without KK rescattering. Below, we shall use also
these background predictions when analyzing the signal
(x.0) to the background ratio.

In Fig. 8 we show differential distributions for the pp —
ppK* K~ reaction at \/s = 7 TeV without (dotted line) and
with (solid line) the absorptive corrections. In most distri-
butions the shape is almost unchanged. The only exception
is the distribution in proton transverse momentum where we
predict a damping of the cross section at a small proton p,
and an enhancement of the cross section at a large proton p,.
This effect is caused by multiple proton scattering (double
scattering in our model). Such an effect is well known, e.g.,
in elastic proton-proton scattering where multiple scattering
leads to the appearance of dips and maxima of the ¢ depen-
dence of the cross section observed in experimental distri-
butions. In the literature, for simplicity, often three- or four-
body cross sections are multiplied by an average gap sur-
vival factor which leads to a uniform damping of the cross
section. This is not a sufficient approximation for some
observables as discussed here.

10° L N S
3 pp - pp K'K E
. \s=62GeV (ISR) ]
10F Ix |>0.9 3
—~ F ly |15 B
% 1 ;f E
@] 3 E
Q E 3
8 E . ]
= 10! L N
¥ X
s F \\ ]
= 102 E | rescatt. K¥(892) exchange NS 3

-3 L R
107 E O g
o \\ .
104 bl - Ll J
1 2 3 4
Mg (GeV)

Differential cross section da/dM g for the pp — ppK™ K~ reaction at /s = 62 GeV with experimental cuts

relevant for the CERN ISR experimental data from Ref. [12]. The right panel shows the same in the logarithmic scale. Results without
(dotted line) and with (solid line) absorption effects are shown. Here Agff =2 GeV? and A,,, = 2 GeV. In the right panel the central
diffractive mechanism with K*(892) meson exchanges corresponding to diagrams in Fig. 4 without (dashed line) and with (solid line) a

K* Reggezaition are shown in addition.
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FIG. 8. Differential cross sections for the pp — ppK+tK~
reaction at /s = 7 TeV without (dotted line) and with (solid
line) the absorption effects. These calculations were done with
the cutoff parameter Agff =2 GeV? and Ay, = 2 GeV.

In Fig. 9 we show differential distributions in kaon
rapidity yx = y; = y4 for the pp — ppK K~ reaction
at /s = 0.5,1.96,7 TeV without (upper lines) and with
(bottom lines) absorption effects. The integrated cross
section slowly rises with incident energy. The reader is
asked to notice that the energy dependence of the cross
section at yx = 0 is reversed by the absorption effects

PHYSICAL REVIEW D 85, 014026 (2012)

which are stronger at higher energies. In our calculation,
we include both Pomeron and Reggeon exchanges. The
camel-like shape of the distributions is due to the interfer-
ence of the components in the amplitude. In Fig. 10 we
show the distribution in yg (y; or y4) for all ingredients
included (thick solid line), when only Pomeron-Pomeron
contribution is included (solid line), and for Pomeron-
Reggeon (Reggeon-Pomeron) contributions separated
(grey lines that peak at forward or backward hemispheres).

In Fig. 11 we show distributions in the two-dimensional
(v3, v4) space at \/s = 0.5, 1.96,7 TeV for the central dif-
fractive contribution. The cross section grows with /s. At
high energies the kaons are emitted preferentially in the
same hemispheres, i.e., y3, y4 >0 or y3, y, <O0. In this
calculation the cutoff parameter A2 = 2 GeV2.

In Fig. 12 we show distributions in the (p, x, M) space
at \/s = 0.5,7 TeV for the central diffractive contribution.
As expected, we observe strong correlation between the
two variables.

Now we wish to compare differential distributions of
kaon from the y. decay with those for the continuum
kaons. The amplitude for exclusive central diffractive y,
meson production was calculated within the k, factoriza-
tion approach including virtualities of active gluons [13]
and the corresponding cross section is calculated with the
help of unintegrated gluon distribution functions (UGDFs)
known from the literature. We apply the following simple
procedure. First, we calculate the two-dimensional distri-
bution do(y, p,)/dydp,, where y is rapidity and p, is the
transverse momentum of . The decay of y., — Kt K~
is included then in a simple Monte Carlo program assum-
ing isotropic decay of the scalar ). meson in its rest
frame. The kinematical variables of kaons are transformed
to the overall center-of-mass frame where extra cuts are
imposed. Including the simple cuts allows us to construct
several differential distributions in different kinematical
variables.

In Fig. 13 we show a two-kaon invariant mass distribu-
tion for the central diffractive KK continuum and
the contribution from the decay of the y. meson (see

do/dy,_(ub)

T
pp — pp KK
{s=0.5TeV
full phase space

d(s/dyK (ub)

T
pp — pp K'K°
{s=1.96 TeV
full phase space

d<7/dyK (ub)

T
pp — pp K'K
(s=7TeV

Born
Born + abs + KK-rescat

full phase space

FIG. 9. Differential cross section do/dyy for the pp — ppK* K™~ reaction at /s = 0.5, 1.96, 7 TeV with Agff =2 GeV?. The
results without (upper lines) and with (bottom lines) absorption effects due to the pp interaction and K K-rescattering are shown too.
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4

———
pp — pp K'K
Vs=7TeV

total

do/dy, (ub)
(i)

N
-5 0 5
yK

FIG. 10 (color online). Differential cross section do/dyy for
the pp — ppK*K~ reaction at s =7 TeV with AZ; =
2 GeV2. The different lines corresponds to the situation when
all and only some components in the amplitude are included. The
details are explained in the main text.

the peak at Mg =~ 3.4 GeV) and the contribution from the
decay of the ¢ meson. The cross section for exclusive
production of the ¢ meson has been calculated within a
pQCD k,-factorization approach in Ref. [29]. In these

pp — pp K'K’

pP — pp K'K
Vs=0.5T

s =1.96

2000

1500 4+

4

3

do/dy dy (nb)

~

e}

=)

=

1000 e " . >
500 7+

el

-10 _10 ‘JA

FIG. 11 (color online).

-10 10 Yy A
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figures, the resonant R = ¢, y, distributions were
parametrized in the Breit-Wigner form:

do

= B(R

1

—’K+K7)O' '.RZMKK_
T

pp—=pp
y Mgxl'g
(Mg — mx)* + Mz TR

@.1)

with parameters according to the Particle Data Group in
Ref. [20]. In the calculation of the yq distributions, we use
GRV94 next-to-leading order (NLO) [30] and GJRO8 NLO
[31] collinear gluon distributions. The cross sections for
the ¢ and y ., production and for the background include
absorption effects. While the upper row shows the cross
section integrated over the full phase space at different
energies, the lower rows show results including the rele-
vant kaon pseudorapidity restrictions —1 < ng+, ng- <1
(RHIC and Tevatron) and —2.5 < ng+, nxg- < 2.5 (LHC).
Shown are only purely theoretical predictions. In reality,
the situation is, however, somewhat worse as both protons
and, in particular, kaon pairs are measured with a certain

pp — pp K'K’ o

-10 10 ) Yy A

Differential cross section in (ys, y,4) for the central diffractive contribution for three incident energies /s =

0.5, 1.96, 7 TeV. We show a standard lego plot as well as a map with standard map color coding above the lego plot. The absorption

effects were included here.

pp — pp K'K
Vs =0.5 TeV

do/dp  dM,¢ (nb/GeV?)

FIG. 12 (color online).
/s = 0.5,7 TeV. The absorption effects were included here.

pp — pp K'K
Vs=7TeV

do/dp  dMy, (nb/GeV?)

Differential cross section in (p,x, M) for the central diffractive contribution for two incident energies
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FIG. 13 (color online).

The K* K~ invariant mass distribution at \/s = 0.5, 1.96, 7 TeV integrated over the full phase space (upper

row) and with the detector limitations in kaon pseudorapidities (lower rows). The solid lines present the KK continuum with the cutoff
parameters Agff =2 GeV?2. The y,, contribution is calculated with the GRV94 NLO (dotted lines) and GJIR08 NLO (filled areas)
collinear gluon distributions. The cross section for ¢ contribution at \/s = 7 TeV is calculated as in [29]. The absorption effects were
included in the calculations. A clear y,, signal with a relatively small background can be observed.

precision which leads to an extra smearing in Mgg. While
the smearing is negligible for the background, it leads to a
modification of the Breit-Wigner peak for the y ., meson.'
The results with more modern Gliick-Jimenez-Delgado-
Reya (GJR) UGDF are smaller by about a factor of 2-3

'An additional experimental resolution not included here can
be taken into account by an extra convolution of the Breit-
Wigner shape with an additional Gaussian function.

than those for somewhat older Gliick-Reya-Vogt (GRV)
UGDFE.

In Fig. 14 we show distributions in kaon transverse
momenta. The kaons from the y. decay are placed at
slightly larger p, k. This can therefore be used to get rid
of the bulk of the continuum by imposing an extra cut on
the kaon transverse momenta. It is not the case for the
kaons from the ¢ decay which are placed at lower p, .

In Table II we have collected numerical values of the
integrated cross sections for exclusive production of
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FIG. 14 (color online).

Differential cross section do/dp, x at /s = 0.5,1.96,7 TeV with cuts on the kaon pseudorapidities. The

diffractive background was calculated with the cutoff parameter Agff =2 GeV?. Results for the kaons from the decay of the y,o
meson including the K™ K~ branching ratio, for the GRV94 NLO (upper lines) and GJR08 NLO (bottom lines) UGDFs, are shown. In
the right panel ¢ meson contribution is shown in addition. The absorption effects were included here.

K* K~ at different energies. In Table III we have collected
in addition numerical values of the integrated cross sec-
tions [see 0, py, 1N Eq. (4.1)] for exclusive x. pro-
duction for some selected UGDFs at different energies.
In Fig. 15 we present rapidity distribution of K* (left
panel) and rapidity distribution of K~ (right panel) includ-
ing only diagrams shown in Fig. 5. The contribution
for individual diagrams (a)—(e) are also shown. In the
discussion here, in the new mechanism, not only protons
but also kaons are produced dominantly in very forward or

TABLE II. Integrated cross sections in ub (with absorption
corrections) for exclusive K™K~ production at different ener-
gies. In this calculations we have taken into account the relevant
limitations in the kaon pseudorapidities |ng| < 1 at RHIC and
Tevatron, |ng| < 2.5 at LHC.

s (TeV) Full phase space With cuts on ng
0.5 18.47 1.21

1.96 27.96 1.37

7 41.14 7.38
TABLE III.

very backward directions. The two kaons have, however,
similar rapidities, which means that there is no gap be-
tween kaons. This means that both kaons are preferentially
produced very forward or very backward, forming a large
size gap between kaons and one of the protons (backward
or forward, respectively). Please note a very limited range
of rapidities shown in the figure. The Reggezation leads to
an extra damping of the cross section. The cross section is
much smaller than that for the DPE mechanism discussed
above. It is particularly interesting that the distributions for
K* and K~ have slightly different shapes.

Finally, the general situation at high energies is sketched
in Fig. 16. In the discussion in this paper, the central
diffractive (DD) contribution lays along the diagonal y; =
v4 and the classical DPE is placed in the center y; = y,.
While the contribution from the diagrams in Fig. 5 is
predicted at y3, Y4 ~ Ybeam OF Y3, Y4 ~ Yearget> the 7 —
KK contribution (see Fig. 6) is predicted at (y3 ~ Ypeam
and y, ~ ytarget) or (y3 ~ Ytarget and y4 ~ Ypeam), 1-€., well
separated from the central diffractive contribution. The
separation in the (ys3, y4) space can be used to separate
the two contributions experimentally.

Integrated cross sections in nb (with absorption corrections) for exclusive y.o production at different energies with the

GRV94 NLO and GJRO8 NLO collinear gluon distributions. In these calculations we have taken into account the relevant limitations in
the kaon pseudorapidities || < 1 at RHIC and Tevatron, |ng| < 2.5 at LHC, and the lower cut on both kaon transverse momenta

|p.xl > 1.5 GeV.

s (TeV) full phase space with cuts on ng with cuts on ng and p, g
GRV GJR GRV GJR GRV GJR

0.5 82.9 44.0 17.3 9.4 5.7 3.1

1.96 406.3 165.1 63.7 25.9 20.7 8.3

7 1076.7 347.7 548.6 177.1 114.5 36.6

14 1566.3 449.2 735.0 210.9 152.1 43.1
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Differential cross sections do/dyg+ (left panel) and do/dyg- (right panel) for the pp — ppK" K~ reaction at /s =

7 TeV. The solid line represents the coherent sum of all amplitudes. The dotted, dashed, dash-dotted, long-dashed, long-dash-dotted
lines correspond to contributions from diagrams (a)—(e) in Fig. 5. The Reggeization of the particle exchange was included here.
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FIG. 16. A schematic localization of different mechanisms for
the pp — ppK 'K~ reaction at high energies.

V. CONCLUSIONS

In the present paper, we have calculated several differ-
ential observables for the exclusive pp — ppK*K~ and
pp — ppK 'K~ reactions. The full amplitude of the cen-
tral diffractive process was calculated in a simple model
with parameters adjusted to low energy data. The energy
dependence of the amplitudes of the KN subsystems was
parametrized in the Regge form, which describes the total
and elastic cross section for the KN scattering. This pa-
rametrization includes both the leading Pomeron trajectory
as well as the subleading Reggeon exchanges. We have
predicted large cross sections for RHIC, Tevatron, and
LHC which allows us to hope that the distributions pre-
sented by us will be measured.

We have also calculated the contributions of several
diagrams where kaons are emitted from the proton lines.
These mechanisms contribute at forward and backward
regions and do not disturb the observation of the central
DPE component.

At the Tevatron, the measurement of exclusive produc-
tion of y, via decay in the J/¢ + vy channel cannot
provide production cross sections for different species of
X In this decay channel, the contributions of y,. mesons
with different spins are similar and experimental resolution
is not sufficient to distinguish them. At the LHC, the
situation should be better.

In the present paper, we have analyzed a possibility to
measure the exclusive production of the y., meson in the
proton-(anti)proton collisions at the LHC, Tevatron, and
RHIC via the y,, — KK~ decay channel. We have per-
formed detailed studies of several differential distributions
and demonstrated how to impose extra cuts in order to
improve the signal-to-background ratio. We have shown
that relevant measurements at RHIC, Tevatron and LHC
are possible. Since the cross section for exclusive y,q
production is much larger than for y.(; ») and the branching
fraction to the KK channel for y,q is larger than that for
Xe2 (xe1 does not decay into two kaons) the two-kaon
channel should provide useful information about the y.o
exclusive production.
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