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1. Introduction. Agenda of wr-interaction

At present, the stringent knowledge of mr-interaction is well understood to be of
fundamental value in its own right as well as for the reliable treatment of the various
phenomena, where pionic degrees of freedom prove to be substantial. Pion being the
lightest and, properly speaking, simplest among strong-interacting particles, an inquiry
into the pion-pion interaction spreads the way to visualization of the main features of
hadron interactions in general, and in all their immense complexity [1-5]. At the same
time, the pion-pion interactions are bound to be allowed for in describing the hot and
dense hadronic systems abundant in pions which are known to be produced in colliding
heavy ions [6] at high enough incident energies, the baryon number being rather negligible
when compared with the number of genuine mesons. Even so, in treating the nuclear
matter at large density and temperature, the phenomena non-linear in meson fields, that
is the meson-meson interactions, are realized to play a crucial role, especially when the
feasible phase transitions caused by the softening of the mesonic degrees of freedom are
investigated [7]. Thus, to repose full confidence in the adequacy of our perception of
such systems behaviour, the pion-pion interaction must be properly accounted for, in
particular, when calculating the respective thermodynamic characteristics. Thereby, in
all the cases, we must certainly conceive the pion-pion interaction.to be provided by
well specified trustworthy lagrangian, but not in the least simply just by the pion-pion
scattering lengths.

Nowadays, in the lack of the pion interactions description strictly worked out from the
first principles, we are in possession of the pion-pion interaction lagrangians {1-5] which
are thought to be as good as effective, obtained in the framework of some plausible models,
@C D-motivated at best. Consequently, there is to appeal to the experimental investiga-
tions from which the reliable information about the n7-interaction can be disentangled.
Then, confronting the results of experimental data processing and theoretical calculations,
we can test the validity of a certain xx-interaction description and subsequently improve
the latter.

Up to now, the trustworthy cognizance concerning the x7-interaction has been ac-
quired, strictly speaking, solely from the analysis of the data obtained in the x N — xx N
reaction which was studied for the first time as far back as in 1965 [8] near the thresh-

old (ex ~ 200 — 300 MeV) and afterwards for manifold incident pion energies, up to



€x ~ 1 —2 GeV as well (see, for instance, [9,10]). The results of profound processing
these experimental data carried out in the series of investigations {3-11] make us visualize
that the effective lagrangians asserted in {1-3] are thought to be expedient to describe
the mr-interaction, at least at low and middle pion energies, e, ~ m,. Unfortunately,
the unavoidable involvement of strong pion-nucleon interactions in such a process puts
a bound to the attainable reliability of the pure w7-interaction description because, on
one hand, it is as good as impossible to get rid of the strong 7 N-interaction cffect in the
experimental measurements, and, on the other hand, one will scarcely maintain that a
theoretical calculation can refine unambiguously the m7-interaction from the 7 N interac-
tions in the treatment of the reaction # N — xx N. Thus, the further development of the
xx-interaction description by means of the far more complex effective lagrangians [4, 5],
or may be according to other approaches (see, for instance, [12]), calls for new experi-
ments. For that matter, at first thought, the K.4-decay, K — verr, {13] might appear
to be fruitful to learn directly the pure mr-interaction occurring in the final state, but
one should realize that the semi-leptonic-decay vertex itself is not concisely known, the
strong interactions being implicated therein as well, and needs to be approved in its own
right [14]. Thus, as yet, the reaction #N — xx N was and remains, as a matter of fact,
the unique source of the data to check our concept of the rr-interaction.

In the light of the aforesaid, the advent of the experiments dealing with the pure
rr-interaction, without the imposition of other strong (or weak) interactions, proves to

be extremely desirable.
2. Pionium treatment up to now

Long since, the inquiry into the properties of the #¥x~ bound state, pionium, have
been understood of being very instructive to study the pure mx-interaction, free of effect
of any other strong or weak interactions [15]. The feasible measurement of the pionium
lifetime having been first considered in the early investigations {15], the setting up of
the corresponding experiments has been elaborated profoundly in Refs. {16,17), and the
respective investigations are for now already under way [17], the results are liable to arrive
in the nearest future.

Pionium typifies the bound hadron systems which owe their origin to electromagnetic
interactions, but whose decay is, as a matter of fact, caused by strong interactions. All

the time ago, as far back as in 1954, the handy semiquantitative approach to treat sueh



systems was set out {18]. with the strong iuteraction corrections to the energy levels
and wave functions of the m-atom. the 77/ bound state, as well as the transition rate
7= — 7N heing expressed through the free pion-nucleon scattering lengths af and
the m-atom wave function at the origin (0). llere, 7' £ indices denote various isotopic
and angular stales. Subsequently, following this method. the pionium lifetime (i.e. the
+

7ta= — 7'z reaction rale) in the ground state was asserted in Refs. [13] to be the

simple plain function

_ 167 [22m . ) ,
b= g — agl® - |¢(0)]* ()

9 m
of the s-wave mr-scatiering lengths ag, af. the pionium wave function al the origin ¢+(0).
and the mass difference Am = 1 — 1y, 1 being charged pion mass. Thus, if the original
approach of Ref. {18] had been strictly valid in the pionium case, all we need to precisely
calculate the pionium lifelime would have been the exact values of the quantities |af —
aZl, [(0)], and Am. It is 1o take cognizance of the fact that only the difference of the
scatlering lengths would have come into picture, regardiess of the complete form of the
genuine mr-interaction. This is due to the main original presumption of the approach
ol Ref. [18] that irrespective to the rr-interaction form the caleulation of probability of
the pionium decay into two 7% is quite cquivalent to the calenlation of 1he annihilation
probability of a free pair #*7r~ with zero momenta into two 7%, #¥7~ — z"z% with the
initial density of states being not the densily of states of free particles, but the density of
stales of the particles in the bound state of pionium [¢>(0)|2. Up to.now. the authors of
all the succeeding investigations [19-26] have been taking for granted that the pionium
lifetime formula (1) as asserted according to [18] in Rel. {15] holds true strictly, and all
the efforts were devoled to acquire somehow the precise values of the quantities af . 2(0).
with the pure point-like Coulomb nonrelativistic #+(0) value and the free particle scattering
lengths a] values gained according to Refs. [1 4] being assumed as a starting point. in all
the caleudations. Then, there was to calculate the corrections to that ¢+(0) value. especially
duc to strong interactions, and simultancously the af-modifications on account of strong
and clectromagnetic interactions in the coupled 7%°, 737~ channels.

in several investigations [19-24] varions effective polentials were managed to deseribe
this strong rr-interaction. The most profound caleulations within such a potential ap-
proach were carried out in Ref. [21] and especially in [22], where the aforesaid corpections

were thoroughly calenlated in the framework of the model of the two-channels 7959, x+ 7z~



system, with the effective range approximation heing used to acconnt for the strong pion-
pion interaction. Thereby, once an effective vadius is chosen (equal in both chanuels),
the strong potentials in the channels are determined merely just by the corresponding
scattering lengths el. In such a calculation, the electromagnetic corrections are due the
different masses of the pions in the different channels along with the Coulomb interaction
imposition in the #*r~ channel. The coupled Schrédinger equations determining the pi-
on wave functions in the coupled channels having been solved, the corrected, generalized
scattering lengths, as well as the appropriately corrected §2(0) values are obtained, which
must be substituted in the original formula (1) for 7 to acquive its eventual corrected
value. The scrutinized corrections to a} values (and to $(0) sa well) proved to amount
no more than a few percents, being substantially less than the uncertainties in the «f
predictions following from Ref. [4], as the authors of [22] have inferred.

Unlike the effective potential approach of the Refs. [19-24], the investigation [25]
utilized the Bethe-Solpeter equation to allow for the effect of strong interactions on the
i(0) value in the pionium lifetime (1) (via the pionium cigenstate energy shift AE), the
corrections proving to be rather negligible.

The 7 (1) value modification on account of pionium relativistic treatment, especially
the allowance for the retardation cffect in the 77~ electromagnetic interaction, has been
found ~ 1% in Ref. [26]. Thereby, the scattering lengths difference af — a2 was presumed
to render the total strong interaction responsible of the #+x~ — #%¢ transition, likewise
in all the aforecited investigations [19- 24], in spite of treating the rctardation effect in
the m*7~ systern which implies the 77~ relative velocity to be comparable with light
velocity ¢.

Profound as are all the afore discussed calculations of the quantities al,4(0), we ought
to realize that the expression (1) by itsell, in so far as it originates from the very plausible,
but semiquantitative approach [18], is, properly speaking, as good as secmiquantitative in
its turn.  But this does not mean to say that any results obtained according to the
method set out in Ref. [18] must be regarded as untenable and scarcely able to describe
experimental data with high enough accuracy. There is to visualize that the validity and
accuracy of this very approach are caused crucially by the form of the genuine strong
interaction inducing the bound hadronic system decay in each certain treated case. The

very germ of the idea set forth in Ref. [18) makes us comprehend that the approach of



{18] itself will hold true with high precision, if the hadron-hadron interaction is as good
as point-like and constant, especially momentum-independent, which is thought to be
well acceptable for the Pr~-interaction in the s-state in [18], but not in the least for the
mr-interactions asserted and used in Refs. [1-4,9-12]. Consequently, since the pionium
properties are studied, we must refrain from pursuing the way paved in Ref. [18] and

abandon, in turn. the handy expression (1) for the pionium lifetime.

3. Interactions inducing the pionium decay into two =’

According to our lights, the general aim of the theoretical investigations of the pionium
lifetime is to visualize whether a certain form of the nx-interaction is eligible to provide
the experimental 7 value. In the work presented, we set out the calculation of 7, with
the wr-interaction being determined by the Weinberg lagrangian according to Refs. [1-
3). The probability of two-photon pionium annihilation, #¥x~ — 27, being practically
negligible when compared with the decay probability due to the strong interaction, will
nol be discussed henceforth.

We treat pionium as the beforehand prepared 7+~ bound state which is stable when
the strong interaction of pion fields is turned off. The coupling of this state, the pionium
field, to the charged (complex) pion field is implemented via the virtual decay of the 7+ x~

bound state |D, >, pionium or di-meson, into a free #*x~ pair :
at 417 — Dy > : (2)

In our nowaday consistently nonrelativistic approach, we presume that the formation of
the initial 77~ bound state [D, > is caused by pure-instantaneous potential interac-
tion U(y1,y2), where y,,y, are the spatial coordinates of the #*(yy,t), #~(y2,t) mesons

composing the pionium, the time coordinates coinciding. Accordingly, the vertex operator

Lp = —[m*(y1,)n " (ya, ) + 77 (y1, )7+ (y2, )] F(y1, ¥2r 1), 3)
.7:'()’1,)’2,1) =Y [eFlynyat) + S Fiy,ya, 1) (4)
A
‘ﬂ'+
D, >
-

renders the virtual pionium state |Dy > decay into a free 7*#~ pair. Here, z*(y,t) are



the charged pion field operators, whereas J:-(yl,y;,t) stands for the pionium field, the
quantities ¢y, ¢} being the pionium production and distraction operators in the state A.
So far as the interaction U(y;,y2) is instantaneous, the operators of all the fields in (3,

4) act at the same time point {. In our calculations, the common relations are adopted
+ 1 . - + . 0
7 (2) = —(m(z) +im(z)), 77(z) = —(x¥(2))7, 7°(x) = m3(x),
V2
1 . )

at(z) = Y ——=[apeTrFPX 4 pFoltenPX] (5)
with the operator ap destructing 7*-meson and b} producing m~-meson. The vertex
functions Fx(y1,¥2,t) in (4) and the corresponding pionium eigenenergies £ in the states

X are well known (see, for instance, Refs. [27,28]) to be determined by the homogeneous

Bethe-Solpeter equation

Flynynt) =Unya)- [t [ay [dyiDn - i)Dlws - )RV ¥e D). (6)
Yio =¥ =1
where
1 dk - eik: 7
@ryi) BB —mi+ib ™

is the usual pion propagator. In the presumed non-relativistic approach, the vertex func-

D) = -

tion Fi(y1,y2,t) proves to be reduced as follows (see, for instance, Refs. [27,28] and also
290)

Fayr,yat) = —iN -U(y1,y2) - (¥, ¥, 1), (8)
where ®,(y1,y2,t) is the non-relativistic #¥#x~ system wave function. The function Fy
being determined by the homogeneous equati(;n (6), the normalization factor A/ emerges
in (8) whose calculation we defer for a while (Sec. 4). The wave function ®5(y1,y2,t) of

such a nonrelativistic system is known (see, for instance, [30]) to be the product
. P?
Or(y1y21) = Pufz) - Up(R) - e“Br) By =2m 4 i Fen A= (nl,P) (9)

of the depending on the center of mass coordinate R = (y; + y2)/2 wave function

1 .
Yr(R) = \/‘;Z_E—,(c'RP (10)

of the free motion of the two-pion system as a whole with the total momentum P, and

the intrinsic pionium wave function ¥,(z) depending on the relative n+x~ coordinate



= y; — ¥2. The functions 3,; simultancously with the pioniunt energy levels sy are

determined by the Schrédinger equation [30]
I, . )
- ;V ‘:'nl(z) +1 (z)‘i'nl(z) = ful""nl(z) (11)

with the relevant boundary conditions at z = 0,z — 2¢. Here m = 139.57 MV is the
rE-meson mass [31] . We utilize the units ¢ = h = 1. For the pure-Coulomb point-like

interaction

tzy= -2 (12)
the ground state wave lunction ¢y = 3. properly normalized. and energy 24 = 2 are
known [30] to be ’

. _1 e @ e :.:_mn'. (13)
\/F 4
where @ = ma and 2/a is the “Bohr radius™. Consequently, we denote [Dyy >= |D >.

In whal follows, we consider this pionium ground state decay. The rr-interaction of the
type [1-3] including the dependence on the pion momenta being put to use in onr further
calculations, the finite pion size ry emerges Lo come into the picture. which we allow for
in due course replacing (12) by the electrostatic potential between two homogeneously
charged spheres, = being the distance between their centers, the explicit expression for
which, a bit long, is set out. in Refl. [32]. The magnitude of the quantity ry itselfl has been
estimated in some theoretical and experimental investigations [33.34]. whereby we have
adopted 1o = 0.6fm as realistic. It might be well to note that the calculations with the
generalized, but yet instantancous potential accounting for the relativistic corrections up
to {1/e?)-order (the kind of the Breit potential [27,35]) would not provide the additional
difficultics of principle.

i our present calculation, the mx-interaction inducing the #¥x™ — 27" transition is

specified by the well known Weinberg lagrangian

[:”(;r) = ———(-_)‘;.—)2[('),,#(.1')(')“#(.1') — nd () ) (2) (1
g T
7 n



elaborated and scrutinized in Refs. [1-3]. Tere f, = 924M ¢V [31]. The dependence
of the results of calculations on the parameters 3,1 in the term violating the chiral
symmetry will be discussed in the last Section.

Let us recall that the validity of the lagrangian (14) has been inferred [rom processing
the experimental data on the Nv — Nrr reaction, see Refs. [8 11]. at least for not very
high pion energies.

The difference of the masses of a charged pion, m = 139.57M ¢V, and a neutral one.
me = 134.98MeV, Am = m — mqg = 4.59McV being greater than the pionium binding
energy ¢, the initial 7*7~ bound state |D > transition into the final two 79 state turns
out to be possible via the processes presented hy (3, 14). All the effective interactions
between the pion (charged and neutral) and the pionium fields are described by the total

interaction lagrangian

Lot = Lo+ L., (15)
which determines eventually the pionium lifetime 7.
4. Pionium decay amplitude
The matrix element
Srapp =< TI’(J7|’“[3|'D > (1())

of the $-matrix dictated by the lagrangian (15) determines the initial pionium state |D >
decay into two final 7% To the first order in £,. (14), the S-matrix element (16) takes

the form (sce, for instance, [27,28])
Slorop = - /dR/dz/dl /d‘z < 11T (Lo(R,2,0) - Lrn(2))|D >=

iN8

- W/dll/dz/dt/d‘zU(z)d;,\(z){Q[iﬁz’— (6162 — PiP2) + Do} x

xD(R+2/2 — x,t — 7o) - D(R = 2/2 — x,1 — o) - e *EAHFR . gzalerter)=ixlpitia) (17

0




where T is the usual time-ordering operator and £, 1,2 denote the energies and

momenta of the final »°.

Certainly, when necessary, the high [:,,,-order contributions
in (16) could be allowed for in the usual way. These terms, if calculated, would render,
in particular, the effect of strong r=-interaction on the pionium stai;e. In the course of
our today’s calculations, we restrict ourselves by accounting for the first L. -order. If
anything, it may be well to recall that the analysis of the Nw— Nz reaction was carried

out in Refs. [8-11], as a matter of fact, in the same first order in £,, approximation. For

the ground state pionium decay at rest, the relations hold

P=0, Ecp=FE=2m+e¢, ¢ =6,=¢0=E/2,

P1 = —P2, ‘Pll = Ipol = (E/2) - mO > (18)
and the Eq. (17) is reduced as follows

S,l,o,op = i(‘27r)‘ *Tronop - 6(p1 + P2)5(62 +e - E),
(19)

7;'01""13 (27!' (2f,.- ,IE\/—‘/ 1/)(2)

/dq _2ﬂﬁ7’2 + mg - E2/2 + qg _ q2 - qu Le~'na
E—q—m 40 (B gl —qr - m?+i0]

It is noteworthy that the quantities q?, 42 emerge in the nominator in (19) due to the
term

(9 - 0m)(m)?
in the rx-interaction (14), this fact substantially affected the integrand behaviour in (19),
especially at extremely large ¢ values. Integrating over dgg and over the directions of the

vectors q and z having been carried out, the Eq. (19) reduces to

9dg
Tareo = o 755 Lt sl [T UGy sinz),  (20)

where the following notations are introduced:
w(g) = Vg? +m?, ! =m? —(E/2)%, b= (-2fm*+m]+m’ - E?)/2.

It is not difficult ot realize that the behaviour of the integrand in (20) at large momenta,
g — o0, and subsequently the convergence of the integral in (20} itself are governed by

the behaviour of the quantity zU(2)¥(z)sin(gz) when the z value tends to zero, z — 0.



There is to calculate the contributions arising from two terms in brackets in the integrand
(20): from “unit”, 1, and from /(% + ¢?). First, we take up integrating the term with
“unit” and then set out the integral with the quantity b/(¢* 4 ¢?).

Not hard thing is to become convinced that the integral in (20) with “unit” in brack-
ets would diverge logariphmically, if the pure point-like Coulotb values (12), (13) were
adopted for the quantities U(z),¥(z) in (20). This divergency emerges hecause a pion
size is neglected. To remove this puzzling, but spurious contradiction we allow for the
finite pion size rg, roa < rorn < 1 in the course of calculating this integral, [/(2) being
the electrostatic potential between two homogeneously charged spheres of the radius 1
{32], as discussed already after Fq. (13). Then, on integrating over dg, the integral in

(20) originating due to the “unit” in brackets transforms to (sec Ref. {36])

oo

—/Om dz - :U(z)l/f)(:)zl(—l:l\'u(m:) = —2U(2)¢ (=) Ko(me)] +

d

2ry
/0 dalig(ma)p(z) -[=U(=)] +
o 1 2rg
« /2r0 dz]\'g(m:)li—zw(z) +/0 (121\’0(mz)zU(:)%yv(:), (21

where Ky(z) is the Mackdonald’s cylindrical function (see [36]). The first term in the
righthand side (21) vanishes due to ¢i(z) ~ ¢=**/* — 0 when z — oo, and it disappears al
z = 0 owing to zl/(z) = 0 at = = 0 because, in turn, the potential [7(z) has got at = =0
a finite value U7(0) for the charged particles of the finite size, in particular, for the afore
adopted potential of the homogencously charged spheres U(0) = —6er/(5r9). Further,
in our treatment, we are on the point to carry out all the calculations in the lowest
a-order. All the expression (20) (as well as (21)) is proportional to ave® due to the
a-dependence of the functions U, . Calculating the integrals in (20), (21), we retain only
the terins which besides this a-dependence are inversely proportional 1o o, ~ 1/a, and
a-independent. Fven so, we retain only the terms ~ In(rg) in the asymptotic expansion
in 79 , but drop out the terms ~ 5, n > 1. Consequently, the second and third integrals
in the righthand side in (21) are realized to be neglected. Indeed, at =z > 27y i the
second integral, the function 1(z) behaves like (13), ~ e™'/2 the quantity of being of
the same order in @ as a,a’ = a = ma (sce, for instance, Refs. [32,37]). Then, we have
got dy(z)/dz ~ cany(2)/2, and, subscquently, this integral gets the additional factor
of @ and can be dropped out. Then, since the function #(z) in the third integral in

the righthand side of (21), i.e. for z < 2ry <€ 2/a, varies smoothly {(sce, for instance,

10



Refs. [32.37]). v(2) ~ ¢(0)(1 + za”). where o” is of the same order as a. the derivative
d(z)/dz = ¢ (0)-a. so the whole integral comes out to be ~ arpav(0) and can be omitted
as well. Thus, eventually, there is to calculate the first integral in the righthand side of
(21). Hs upper limit turned out to be 27y because di:[l"(:):] =0 at z > 2rg. U(=) being
the point-like Coulomb potential —a/z when = ‘Z 2ry. For these = values. the relations

roa € 1. rom € 1 being valid, the replacements hold true

v(2) = e(0). Kolmz)=~ln(mz[2) - C (22)

with an accuracy up 1o order ~ roa. ~ rgm. Here = 0577 is the Fuler constant (see
{36]). Then, with regard to the approximation (22). the first integral in the righthand

side in (21) is calculated straightforward, and the whole expression (21) results in
] 2rg
Oa{tnf(mrg) + CY+ 7], U= / d:=U(z). (23)
0

The quantity {7 is calculated according to Rel. [32] which gives {7 = —a-(3/2).

While treating the integral with the term bf(c? + ¢*) within brackets in {20). the
presence of an additional ¢% in the denominator provides this integral convergence even
without allowance for the finite pion size 1. This does mean to say the asvmplotic
cxpanding this integral in 7y begins with the term ~ rp which is bevond our today’s
accuracy, as presumed above. Then, with the Eqgs. (12, 13) being adopted. this integral

in the lowest a-order transforms as lollows:

@ b dg - ¢ at b ow
V b = V—-— = —al. )
8 0/‘; (@ + (a/2))¢* + F)wiq) dr ['.2 o) (1)

Aler all, with allowance for the results (23, 21), the transition anplitude (20) takes the

form

8N
Teog0p = )f,)zl'\/‘)_lf \/—- [m‘ —a)+a(lu(mry) + C) + U] (29)

The normalization factor A residing in the Eqgs. (8,17 - 200 23) is 1o he determined
by equating the cnergy & of the stale |D > of pioniam at rest and the expectation valne
in the |D >-state of the operator of the T®-compouent of energy-momentum tenser of a

charged (complex) pion ficld:

I =< Dl T(TYEm)D > . (26)
(M) ) 7/ +(1 ) )
6. ) = -1 ”(’.)Eff) + L’Zyg(f’ ‘”’,)E‘“ (3 a3 Nt

11



where the Sp-matrix is dictated by the lagrangian (3). so that
. 1 P 3 5
F = -5 < D l[TUU(E(),f)/(/yl(lyz(lll:p(yl,yg.!)/([y'l([yfl(ll'l:p(yi.yg,/')]|D >, (238)

and, for clarity’s sake, the expression is worth being displayed by the usual diagram
D D

o=(7)  (D=w-

D
where the blob stands for the 7% opetator. The values (12,13), asserted for the

point-like pion, being adopted, the straightforward calculation of (28) results iu

o 2N [ g’ B + 4X(q) (29)
T TTER o Wle) (@ (/20 (a(q) — B )

which apparently shows up no divergency when integrating over dg which is due to the
integrand steep enough decrease at ¢ — oo on account, in turn, of the high power of ¢
in the denominator of (29). When evaluating (29), we are Lo retain only the terms ol the
lowest a-order: the a-independent terms and terms ~ a (if they would have appeared),
omitting the terms ~ o™, n > 1. Then, [iq. (29) reduces to

A?

E =
£m’

AN =dm*. (30)

If anything, for verification’s sake, the A value can be obtained by equating the expecta-
tion value of the particle number operator (related to zeroth component of charged pion

field current)

N = Z[a+p(tl, + b:bp]

P

(sce Eqgs. (3)) in the pionium state [D > and the number of pions N = 2, that is from
the egnation

< D|T(NSp)|D >= 2.
All the calculations having been carried out in due course, we arrive at the same A value
(30). Let us take cognizance of the fact that the righthand side in Egs. (27 - 29) proves to
have got no terms ~ «, its expansion in « starting with a term ~ a®. Evidently, it must
be just so, because the quantity £ = 2 — ma?/4 in the lefthand side does not include

terms ~ a.

12



5. The results of the pionium life-time calculation and

concluding remarks

Thus, we have at our disposal the expression (25) for the transition amplitude with
N defined by Eq. (30). Then, we acquire in the usual way (see, for instance, Ref. [27])

the total probability W of pionium conversion into two 7°, that is the inverse pionium

lifetime 7 B
1 a®ppm® ¥ da U/a + In(mrg) + C
W=2_= (2f2) Pyl el Uy b . ®1)
where b = [—28-(i/m)? + (m®/m)? — 3]/2 and all other quantities have been set forth
above.

Let us now inquire into how the 7 value (31) depends on the m, 8 values which reside
in the chiral symmetry violating term in the lagrangian (14). Let firstly 2 = my, then

we gain for the g values 8 = 1/2, 8 =1/3, B = 1/4 asserted in Refs. [1-3):
Tmo, /2 = 4.95-10"1ssec, Tme,1/3 = 6.18-10"5sec, Tmo,1/4 = 6.90-10" % sec.

Thus, the dependence of 7 on # is thought to be sizeable, the deviations of these 7 values
from each other amounting to = 15%. On the other hand, if we adopt /2 = m instead of

m = my, we shall have got

Tmaf2 = 4.7110" " sec,

which deviates from 7, /2 by about 5%. Let us also note that the second term within
the brackets in (31) amounts to = 2% to the whole W value.

Our result is thought to be not contradicting to the nowaday estimation 7 =
2.9%5%-107"%sec set out in Ref. [17]. It might be instructive to recall that the results
of 7 calculation obtained in the previous investigations, surveyed in Section 2, appear
to be somewhat smaller as compared to ours. For instance, the value 7 = 2.72-10"®sec
has been asserted in Ref. (21} and 7 = 3.2.107'%sec in Ref. [23]. Especially, it is to
stress that the eq. (1) with the af values from Refs. [1-3] corresponding to the very =r-
interaction (14) gives 7W) = 3.1-10"8sec instead of our values Tmij2 = 4.71-10"gec, or
Tmou1/2 = 4.95:107 % sec.

The investigation carried out makes us realize that the pionium lifetime (as well as
its other properties) does depend crucially on the formn of the genuine nr-interaction, but
not much simply just on the free pions scattering lengths only. Thus, the pionium decay

as being due to the most plausible concise Weinberg lagrangian (14) having been studied,

13



the investigations pursuing other present-day trustworthy wr-interaction descriptions are
very desirable and instructive. If the consistent 7 calculation in the framework of a certain
method of the mx-interaction description (see, for instance Refs. [4.5,12]) is carried out
and, subsequently, its result is confronted to the experimental 7 value, the validity of this
method will come to light. In the course of our further pionium lifetime studying, we are

on the point of inquiring into the various wr-interaction representatious.
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Bymaran I'T. E4-98-177

Hccnenosanne nepexona CBA3aHHORG (1 — T ) COCTOAHMS B jBa n°

B npencTasnenHoli paboTe M3ydaeTca pacnan MHOHHYMa, T.e. (' ) CBA3AHHOTO COCTOSHMA, Ha 1Ba

n°, npHYeM MM-B3AHMONEHCTBHE, BRILIBAIOLICE STOT MIEPeXoll, OMHCHIBAETCA NarpaHXuaHoM BaiinGepra.
Tp# NpoBeICHHU PacYeTOB C TaKHM TA-MarPaHXHAHOM OKA3HBAaETCs HEOGXOAMMBIM Y4ecTb DasMep
T-Me30Ha rg, H 3Ta BEJIMYHHA BXONHT B KOHEYHHH pesynbTar. TIpuHMMaeTcs, YTO caMa CBS3aHHas

("*n" ) cHcTeMa OBYCITIORTEHa MIHOBEHHBIM Ky/TOHOBCKMM BIaHMOCHCTBMEM, M OHa PacCMaTpUBaeTCs
NOCAENOBATENILHO HEPENSTHBHCTCKH, IUIS Yero Hcnonb3yeTcs ypasHenue Bate-Conbnetcpa. B npouecce
PACHETOB YNECPXHMBAIOTC WICHH HHILIETO NOPANKA MO NOCTOAHHOM TOHKOH CTPYKTYPHI O H “WiEHb
~In ( rg). MoxHo nonarate, YTO HAaHACHHOE BPEMS XH3HH MHOHMYMa T COBMECTHMO C BOIMOXHBIM
Gyayuy:M 3KCNEpUMCHTANLHBIM PE3ynbTaToM. BaIsCHIETCS 3aBUCMMOCTH pacyeToB OT MapaMeTpoB 3¢-
thekTHBHOrO NarpaHxHaHa. [IpoBelcHHOE MCCIIEIOBaHHE YOEXIAET Hac B TOM, YTO UMEHHO BeChb BH
HCTHHHOIO TR-B3AHMOUEHCTBUS ONpeleNSeT BPeMs XH3HM NHOHMYMA, 2 HE MPOCTO JIMILb TCR-UTHHB
paccesHus. Hecnenosalie pacnana NHOHHYMA 13T BOIMOXHOCTD BHIACHUTE OGOCHOBAHHOCTD PAalTHYHBIX
OMMCAHHil TR-BIAHMONCACTBHA.

Pa6oTta BeinonHeHa B JlaGopatopuu HeHTpoHHO#H ¢H3Hku uM. H.M.Ppanka OUAH.

MNpenpuut O6LEANHEHHOrO HHCTHTYTA SAEPHBIX HecneosaHuii. TyGua, 1998

Bunatian G.G. E4-98-177

Inquiry for the Conversion of the (x* — =~ ) Bound State into Two o

In the work presented, the decay of the pionium, that is the (' ) bound state, into two n°

is studied, the Tr-interaction causing this transition being described by the underlying Weinberg
lagrangian. The calculation with such a nr-lagrangian being carried out, the m-meson size rg emerges

to be allowed for, and this quantity occurs in the final result. The bound (n'n” )-system itself is presumed
to be due to the instantaneous Coulomb interaction and is treated consistently nonrelativistically,
the Bethe-Solpeter equation being utilized. When calculating, the terms to the lowest order in the fine
structure constant o and the terms ~In ( ry) are retained. The obtained pionium lifetime T is thought
to be compatible with the conceivable future experimental data. The dependence of the results
on the effective lagrangian parameters is vizualized. The investigation casried out persuades us that it is
just the complete form of the genuine rr-interaction that determines the pionium lifetime, but not much
simply the ®er scattering lengths. The inquiry into pionium decaying promotes to specify the validity
of the varous mn-interaction descriptions.

The investigation has been performed at the Frank Laboratory of Neutron Physics, JINR.
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