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STRANGENESS CONSERVATION AND PAIR
CORRELATIONS OF NEUTRAL KAONS WITH CLOSE
MOMENTA PRODUCED IN INCLUSIVE
MULTIPARTICLE PROCESSES
V. L. Lyuboshitz', V. V. Lyuboshitz*

Joint Institute for Nuclear Research, Dubna

The phenomenological structure of inclusive cross-sections of the production of two neutral K
mesons in collisions of hadrons and nuclei is investigated taking into account the strangeness con-
servation in strong and electromagnetic interactions. The relations describing the dependence of the
correlations of two short-lived and two long-lived neutral kaons K3K9, K?K? and the correlations
of «mixed» pairs KgK% at small relative momenta upon the space-time parameters of the generation
region of K° and K° mesons, which involve the contributions of Bose statistics and S-wave strong
final-state interaction, have been obtained. It is shown that under the strangeness conservation the
correlation functions of the pairs K2 K2 and K? K?, produced in the same inclusive process, coincide,
and the difference between the correlation functions of the pairs K 3K2 and K2K? is conditioned by
the production of the pairs of non-identical neutral kaons K°K°.

C y4eToM COXp HEHHS CTP HHOCTH B CHJIBHBIX U ®JIEKTPOM THHTHBIX B3 MMOIEHCTBHSX HCCIIENOB H
(heHOMEHOJIOTHYeCK I CTPYKTYP WHKJTIO3UBHBIX CEYEHHI POXKIEHHS ABYX HEUTpP JIbHBIX K -ME30HOB IpH
CTOJIKHOBEHHSIX JPOHOB C siap Mu. ITomydeHbl BbIp KEHHS, OIKCHIB IOLIME 3 BUCHMOCTb KOPPEISIHUi
JIByX KOPOTKOXHMBYIIUX H JByX NOJITOXHBYIIHX HEATp mbHBIX K oHOB KoK2 KYKY u xoppensumii
«CMeIT HHBIX» T p K3 K? Tpi M JTbIX OTHOCHTETBHBIX HMITYJTEC X OT HPOCTP HCTBEHHO-BPEMEHHBIX 1T -
p MeTpoB 061 ctu renep wuM K °- u K°-Me30HOB; 9TH BIP KeHHs BKJIIOY 10T BKJI bl 603€-CT THCTHKH
U S-BOJTHOBOIO CHJIBHOTO B3 HMOJEHCTBHS B KOHEYHOM COCTOSHHMH. ITOK 3 HO, YTO NpH COXp HEHUH
cTp HHOCTH Koppesauuonnbie dynkuun 0 p K2 K2 u K9 K?, poxXieHHbIX B OJHOM H TOM Xe MHKJIIO-
3UBHOM TpOIECCE, COBI 1 10T, P HTHYIE MEXTy KOppPeAHOHHbME dhyrKimsavu m p KIKS n KK
06YCIIOBIIEHO reHep Ll I P HEeTOXIECTBEHHBIX HeiTp NbHbIX K onoB K K°.

PACS: 11.30.Hv, 13.85.Ni, 14.40.Aq, 25.75.Gz

1. CONSEQUENCES OF THE STRANGENESS CONSERVATION

In the work [1] the properties of the density matrix of two neutral K mesons, following
from the strangeness conservation in strong and electromagnetic interactions, have been in-
vestigated. By definition, the diagonal elements of the non-normalized two-particle density
matrix coincide with the two-particle structure functions, which are proportional to the double
inclusive cross-sections.
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Strangeness is the additive quantum number. Taking into account the strangeness conser-
vation, the pairs of neutral kaons K°K?Y (strangeness S = +2), K’ K" (strangeness S = —2)
and K°K?° (strangeness S = 0) are produced incoherently. This means that in the K°-K°
representation the non-diagonal elements of the density matrix between the states KC°KY
and KOK° K°K° and K°K°, K°K® and K°K" are equal to zero. However, the non-
diagonal elements of the two-kaon density matrix between the two states |K°)P1)|K0)(P2)
and |K0)(P1)|K0)(P2) with the zero strangeness are not equal to zero, in general. Here p;
and ps are the momenta of the first and second kaons.

The internal states of K° meson (S = 1) and K° meson (S = —1) are the superpositions
of the states |K2) and |K?), where K2 is the short-lived neutral kaon and K¢ is the long-
lived one. Neglecting the small effect of C'P non-invariance, the C' P parity of the state K2
is equal to (+1), and the C'P parity of the state K9 is equal to (—1); in doing so,

1 1
V2 V2

It is clear that both the quasi-stationary states of the neutral kaon have no definite strangeness.
It is easy to show that

K%)= —=(K§) + |KL), K%)= —=(IKg) - [KL)).

‘K0>(p1) ® \KO>(p2) — %(‘Kg>(p1) ® \Kg>(p2) + |K%>(p1) ® \K2>(92)—|—
+ ‘Kg>(p1) ® |K%>(p2) + |Kg>(p1) ® \Kg>(p2)), (1)

_ _ 1
‘K0>(P1) ® ‘K0>(P2) — 5(‘K§>(P1) ® ‘Kg>(l)2) 4 |K‘£>(P1) ® ‘K2>(P2)_
— K9P @ |KD)P2) | K0y @ | g3)(P2)y  (2)

It follows from the Bose symmetry of the wave function of two neutral kaons with respect
to the total permutation of internal states and momenta that the C'P parity of the system
K°K?" is always positive [2] (the C parity is (—1)%, the space parity is P = (—1)%, where
L is the orbital momentum).

The system of two non-identical neutral kaons K°K?* in the symmetric internal state,
corresponding to even orbital momenta, is decomposed into the schemes |K2)|K9) and
K9)IKY) (2]

1

[ty = (JKO) P @ | KO0)P2) 4| K0)(P1) @ | KO0)(P2)y —

S

2
1

V2

meantime, the system K"K in the antisymmetric internal state, corresponding to odd orbital
momenta, is decomposed into the scheme |K3)|K?) [2]:

(IKH®P) & |KQ)P) — K9P @ |K9)P2)), (3)

1

™) = (|KO>(p1) ® ‘K0>(pz) _ |K‘0>(p1) ® \KO>(p2)) -

S

2
1

ﬁ(‘Kg>(p1) ® |K‘£>(P2) _ |KE>(P1) ® ‘Kg>(l)2)). (4)
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The strangeness conservation leads to the fact that all the double inclusive cross-sections
of production of pairs K2K?2, KYK? and K3K? (two-particle structure functions) prove to
be symmetric with respect to the permutation of momenta p; and pas:

fss(P1,P2) = fss(P2,P1);  fro(P1,pP2) = frr(P2,P1);

5
fsp(P1,P2) = fsL(P2,P1)- )

Besides, due to the strangeness conservation, the structure functions of neutral K mesons
produced in inclusive processes are invariant with respect to the replacement of the short-
lived state K2 by the long-lived state K9, and vice versa [1]:

fss(P1,p2) = fro(p1,p2) = i [froxo(P1,P2) + frogo(P1, P2)+

1
+ frogo(P1,P2) + froxo(P1,P2)] + 3 Reprogo_goro(P1,P2), (6)

1
fsp(P1,P2) = frs (P1,P2) = 1 [fxoro(P1,P2) + frogo(P1, P2)+
1
+ frogo(P1,P2) + froko(P1,P2)] — 3 Repgogo_goxo(P1,P2), (7)

where pyozo_ gogo(P1,P2) = (PRogo_ gogo(P1,P2))" are the non-diagonal elements of
the two-kaon density matrix. The difference between the two-particle structure functions fgg
and fgr, is connected just with the contribution of these non-diagonal elements.

It is evident that the one-particle structure functions for the production of K and K9
are equal to each other. After integrating the relations (6) over the momentum distribution of
neutral kaons, one can obtain the mutual equality of the average multiplicities of the K¢ and
K states, as well as the mutual equality of the average squares of multiplicities:

(ns)=(nr),  (n§)=(ni). (®

2. STRUCTURE OF PAIR CORRELATIONS OF IDENTICAL
AND NON-IDENTICAL NEUTRAL KAONS WITH CLOSE MOMENTA

Now let us consider the correlations of pairs of neutral K mesons with close momenta
within the model of one-particle sources [2-7]. In the case of the identical states K2K?2
and KYK? we obtain the following expressions for the correlation functions Rgs, Rpr
(proportional to the structure functions), normalized to unity at large relative momenta:

Rss(k) = R (k) = Agogo [1 + Fro(2k) + Qbmt(k)} +
+ )\Rof(o 1+ Ff(o (21{) + 2 Bint(k):| + Ao o [1 + Frogo (Qk) +2 Bint(k)] .9

Here k is the momentum of one of the kaons in the c.m. frame of the pair, and the quantities
AKoKo, Agogo and Agogo are the relative fractions of the average numbers of produced
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pairs KK, K°K° and K°K?", respectively (Agogo + Agogo + Agogo = 1). The «form
factors» Fo(2k), Fzo(2k) and Fo zo(2k) appear due to the contribution of Bose statistics:

Fro(2k) = /WKo (r) cos (2kr) d®r, Fro(2k) = /W]‘(o (r) cos (2kr) d®r,
(10)
Freogeo(2k) = / Wyeo o (r) cos (2kr) dPr,

where Wio(r), Wgo(r) and Wi go(r) are the probability distributions of distances between
the sources of emission of two K° mesons, between the sources of emission of two K°
mesons and between the sources of emission of the K° meson and K° meson, respectively,
in the c.m. frame of the kaon pair. Meantime, the quantity bint (k) describes the contribution
of the S-wave interaction of two K° mesons, the quantity bi, (k) describes the contribution of
the S-wave interaction of two K° mesons and the quantity Bjy,; (k) describes the contribution
of the S-wave interaction of the K° meson with the K° meson. Due to the C' P invariance,
the quantities bj,¢(k) and Eint(k) can be expressed by means of averaging the same function
b(k,r) over the different distributions:

bint (k) = / Wico(r)b(k,r)d’r,  bins (k) = / Wio(r)b(k, r)d’r.
The quantity Bin(k) has the structure
Bint(k) = /WKORO (I‘)B(k, r)d3r,

where B(k,r) # b(k,r).

Let us emphasize that when the pair of non-identical neutral kaons K°K? is produced but
the pair of identical quasi-stationary states K9K2 (or K? K?) is registered over decays, the
two-particle correlations at small relative momenta have the same character as in the case of
usual identical bosons with zero spin [2].

For the pairs of non-identical kaon states K2 K the correlation functions at small relative
momenta have the form

Rsr(k) = Rrs(k) = Agoxo [1 + Fro(2k) + 2 bing (k)] +
+ Agogo [1 4 Fro(2K) 4 2 Emt(k)} FAgogo [1— Frogo(2K)]. (1)

In accordance with Eq.(11), at the production of the pair of non-identical neutral kaons
K°K" and the registration of the two-particle state K$K? over decays the pair correlations
are analogous to the correlations of two identical fermions with the same spin projections.
This is connected with the fact that in the considered case the pair K2K? has odd orbital
momenta [2].

It follows from Eqgs.(9) and (11) that the correlation functions of pairs of neutral K
mesons with close momenta, which are created in inclusive processes, satisfy the relation

Rss(k)+ Rpp(k) — Rsp(k) — Rps(k) = 2[Rss(k) — Rsp(k)] =
=4 koo [Frogo(2k) + Bint(k)] . (12)
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We see that the difference between the correlation functions of the pairs of identical neutral
kaons K9KY and pairs of non-identical neutral kaons K3K? is conditioned exclusively by
the generation of K°K?© pairs.

The relations connecting the contribution of the S-wave strong interaction into the pair
correlations of particles at small relative momenta with the parameters of low-energy scattering
were obtained earlier in the papers [4-7]. It is essential that the «form factors» (10) and the
functions bin (k), Eint(k) and Bin(k) depend on the space-time parameters of the generation
region of neutral kaons and tend to zero at high values of the relative momentum ¢ = 2|k| of
two neutral kaons !.

3. CONTRIBUTION OF THE S-WAVE K°K° INTERACTION

The function B(k,r), describing the contribution of the final-state interaction between
K% and K° mesons into the KJK2 correlations and into the difference of the correlation
functions (Rgs(k) — Rgr,(k)), may be calculated analytically using the approximation of the
superposition of the plane and spherical waves, if characteristic distances ry between sources
of K° and K° mesons are: ry > dgy, where dy is the radius of action of short-range forces
between the K° meson and K° meson (really, already at 79 > d) [4]. In so doing
exp (ikr) cos kr)

(13)

1
B(k,r): ‘AKDRD(k')‘2T_2+2Re (AKO[(O(k‘) .

where Apogo(k) = Agogo_ gogo(k) is the amplitude of the S-wave KKV scattering,
k=1k|, r = |r|.

Now let us take into account the effect of the possible transition K+K~ — K9K°
between the pairs of oppositely charged and neutral kaons on the pair correlations of two
identical kaons with small relative momenta. We can use here the theory of the S-wave
multichannel scattering [7]. Assuming that pairs K+ K~ and K°K° are emitted with equal
probabilities by the same pairs of isotopically unpolarized sources, the function B(k, r) should
be replaced by B(k,r) = B(k,r) + AB(k,r), where [7]

2 cos? kr + C(kac) sin® kr
5 .

AB(k,r) = |A (14)

K+K——KOKO r
Here k = VE2 +2Mg AMy and k are the moduli of the momentum of each of the charged
kaons and of each of the neutral kaons, respectively, in the c.m. frame of the pair K 00,
MK = (MKO + MK+)/2 ~ 495.6 MCV/CQ, AMK = MKO — MK+ ~ 4 MCV/CQ, Qe =
2h% /(M +e?) ~ 108.5 fm is the Bohr radius of the KK~ system,

271'/];‘&6

Olkac) = 1—exp (—QW/EaC)

1 et us note that, in principle, the P-wave resonance (¢ meson, M = 1021 MeV/c2, T =4 MeV) may influence
the K gK 2 correlations. But this influence manifests itself only in the narrow region of comparatively large relative
momenta 2k /= 220 MeV/c, and it is strongly suppressed at small relative momenta which are discussed here.
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is the Coulomb factor corresponding to the attraction of the oppositely charged kaons,
Ag?Jr K- rcojeo(K) is the effective amplitude of the reaction KK~ — K°K?, renormalized
by the Coulomb interaction'.

At k = 0 the modulus of the momentum of the K + (K ~) meson in the c.m. frame of the
pair KK is equal to kg = vV2MrgAMg = 62.8 MeV/c. As a result, the Coulomb factor

incorporated in Eq. (14) is close to unity:
1 < C(kae) < C(koae) ~ 1.0934.

Thus, with the precision of the order of 10% we obtain

21

= (15)

AB(k,r) = [Ag+ g gogo(k)]

It is known that the amplitudes Ayozo_, gogo(k) and Ayt gogo(k) are determined by
the contribution of the subthreshold S-wave resonances f,(980) (isotopic spin 7' = 0) and
a(980) (isotopic spin T'=1) [4,7]:

Agogo_gogo(k) = {A(T_O)(k) + A(T_l)(k)} ,
(16)

AK+K—~>KORO (k) =

N[ —= DN =

{A(T_O)(k) - A(T_l)(k)} :
According to Egs. (13), (15) and (16), we come to the following approximate relation:

B(k,r) = B(k,r) + AB(k, ) = {’A(T—O)(k)lz + |A(T—1)(k)|2] % +

+ Re ( [A(T—O)(k) + A(T—l)(k)] =P (ikricos (kr)> L))

Recently the first statistically meaningful experimental results on the Bose correlations of
two K9 mesons, produced in collisions of relativistic heavy ions, have been presented by the
international STAR collaboration [8].

4. SUMMARY

1. It is shown that, taking into account the strangeness conservation, the double inclusive
cross-sections of the production of two short-lived neutral K mesons and two long-lived

IThe S-wave amplitude, determining directly the effective cross-section of the process K+ K~ — KOK?©
according to the standard formula

k
Ot k——g0g0(K) =47 [Agt - gogo (k)\Q Z’

is At o oo (k) =/ ClRac) A, oo (k).
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neutral K mesons are equal to each other. This result is the direct consequence of the
strangeness conservation.

2. Within the model of one-particle sources the formulas for the correlation functions
Rss = Rrr, and Rg;, = Rpg are obtained, which involve the contributions of Bose statistics,
of the S-wave final-state interaction of two K© (K©) mesons as well as of a K° meson with
a K° meson, and also the contribution of transitions K+ K~ — KYK° and depend upon the
relative fractions of produced pairs K°K°?, K°K° and K°K?.

3. It is shown that the production of KYK" pairs with the zero strangeness leads to the
difference between the correlation functions Rgs and Rgy, of two neutral kaons.

This work is supported by the Russian Foundation for Basic Research (Grant No. 05-02-
16674).
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