


1. Introduction

The differential production cross section for pairs of oppositely charged
particles with a small relative momentum in the c.m.s. ¢ ~ 2pa (p is the
reduced mass of the pair, « is the fine structure constant) may substantially
increase owing to the Coulomb interaction of particles in the final state
[1]. This effect takes place if the size of the production region rp,, is much
smaller than the effective radlus of the Coulomb interaction r¢ ~ 1/per =

387 fm:
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Detected in inclusive processes 7+~ pairs can be separated into two
types which are different with respect to the size of the 7r+7r_‘p‘air pr_oduc-
tion region. :

The #t7~ pairs of the first type are produced in direct processes and in
decays of short-lived resonances (p, w, A, ...). In this case a typical size
of the pion production region is rp; ~ 1 =+ 20 fm, much less than r¢. Pions
in these pairs undergo theCoulomb interaction in the ﬁnal state [2, 3] and
they are called therefore “Coulomb” pairs.

The pion pairs of the second type are ones in Wthh one or both partlcles
come from long-lived sources (n, K2, A, ...). A typical range between such
pions at production is more than 10% fm and hence the Coulomb and strong
interaction effects in the final state are negligible. These pairs are called
hereinafter “non-Coulomb” pairs.

Therefore the differential cross section of #+#~ pair production can be
written as: :
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dpyrdpz  dpydp; dpy dp:
where the indices s and [ are the reminders of the short-lived and long-lived
sources, respectively.
The production cross section of the “Coulomb’ palrs can be written
in the factorized form [1, 4} since the radii of the strong and Coulomb
interactions are essentially different (1): -
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where do? /dpydp: is the 7t 7~ pair production cross section without taking

into account the Coulomb interaction in the final state and A.(q) is the

Coulomb factor. For the nonrelativistic relative velocity of the particles
Ac(q) is written as [1]:

2rma/q

Ada) = " exp(—2rmalq) —1°

(4)

Here m is the particle mass. At small relative momenta (¢ < 10 MeV/c
for 77~ pairs) the Coulomb factor abruptly increases with decreasing q.

In the case of a.relativistic velocity of 777~ pairs relative to a residual
nucleus the Coulomb interaction of the pions with the nucleus is insignifi-
cant. [5].

The Coulomb interaction effect in the ete™ pair production was con-
‘'sidered first by A.D. Sakharov [1]. Later the problem of the Coulomb
interaction of charged particles in the final state was solved for arbitrary re-
actions with production of pairs having both small and relativistic relative
momenta [6, 7]. The difference between the relativistic and nonrelativistic
Coulomb factors for ¢ < 50 MeV /c does not exceed 0.5%.

The Coulomb interaction must be taken into account in all processes
where charged particles are produced. Let us give a few examples. The
Coulomb interaction with nuclear fragments leads to distortion of the spec-

‘tra of 7+ and 7~ mesons produced in nucleus-nucleus collisions [8]. The

Coulomb interaction of identical pions results in the reduction of a corre-
lation function at small relative momenta [9]. The shape of the correlation
function for production of two protons with small relative momentum is
determined not only by Fermi statistics and nuclear forces but also by
the Coulomb interaction [10]. The Coulomb interaction of charged pions
from K meson decays increases the decay width of K* and K? mesons
[11]. There are theoretical predictions for the value and consequence of
the Coulomb interaction in the decay Y(4s) — B*B~ [12] and for the
W*W= pair production near the threshold [13].

A possibility of observing the Coulomb interaction effect in the differ-
ential production cross section for pairs.of elementary particles was consid-
ered in paper [14]. For the first time the effect was observed in [15] where
the yield of the 7*7~ pairs with small relative momenta (q < 40 MeV/c)
was measured in the pTa interaction at proton energy 70 GeV/c at the
Serpukhov accelerator. A sharp increase in the 77~ pair production was
observed as relative momentum of pions decreased. The value of this effect
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is consistent with the Coulomb factor. Later this effect was also observed
in7t7~, pr~ and K K~ pairs generated in pp collisions at 27.5 GeV/c [3].

In addition to production of oppositely charged particles in a free state
the production of the Coulomb bound states (atoms) consisting of the same
particles is possible. Production of 7+7~ atoms A, (and other hadronic
atoms) in inclusive processes was considered in [14], where the method of
observation of these atoms and their lifetime measurement were proposed
too. The n#*7x~ atoms (dimesoatoms) are produced in inclusive processes
in the S-states.” The production cross section of A,y is proportional to a
square of the atom wave function at the origin and to the double inclusive
production cross section of 7 and 7~ mesons with small relative momenta.
Consequently, the number of the atoms produced can be calculated from
the number of free “Coulomb” pairs in some interval ¢ < gqo. If g is
much less than the pion mass, then these two processes are practically.
indistinguishable in respect to the pair production dynamics.

The dimesoatom lifetime is inversely proportional to a square of the’
Azr wave function at the origin and to a difference squared (ao — az)? of
the S-wave 77 scattering lengths with isospin 0 and 2 [16, 17]. In the chiral
perturbation theory the ag and a; were calculated with the precision of 5%
[18] and the predicted A,; lifetime in the 1S-state equals 7 = (3.7 £ 0.3) -
10715 5. Thus the precise measurement of the dimesoatom lifetime is of
crucial importance for the test of the chiral theory.

The lifetime of Ay, is véry small. Thus the atoms produced in inclusive
processes can be observed, essentially, only through the detection of the
nt7~ pairs (“atomic” pairs) from the A,, breakup in the same target
where they are produced [14]. Most of the “atomic” pairs (95%) have the
relative momentum ¢ < 3 MeV/c. Thus the “atomic” pairs are located in
the region of the Coulomb enhancement.

The number of the 7t 7~ pairs from the A,, breakup depends on the
relation between the probabilities of the annihilation 7¥7~ — 7%7% and
of the breakup in the material of the target. If the breakup probability is
known (it can be calculated within 1% [19]) the dimesoatom lifetime can
be determined using the ratio of the number of the “atomic” pairs detected -
to the number of the atoms produced.

The “atomic” 7t7~ pairs were first observed [20] in the pTa interaction
at proton energy 70 GeV/c with the same experimental setup that was
used for observation of the Coulomb effect [15]. The first experimental
estimation of the A,, lifetime was also obtained [21].



In connection with the proposed experiment on the A, lifetime mea-
surement with-the precision of 10% [22] a detailed analysis of the statistical
data used for the dimesoatom observation [20] and the A;, lifetime esti-
mation [21] is carried out with a goal to estimate the precision of the
Coulomb peak description by different approximating functions. A possi-
bility of separating pairs of charged particles with respect to the size of
their production region have also been investigated. '

2. Experimental setup

The experimental setup (Fig. 1) for the study of the Coulomb effect
and wt7~ atoms was described in Refs. [15, 20]. The #*7~ pairs were
produced in a tantalum target of 8 um (“thick” target) or 1.4 pm (“thin”
target) thick inserted into the internal proton beam of the accelerator,
then got into a 40 m long vacuum channel (the acceptance is 3.8 - 10~% sr)
placed at 8.4° to the proton beam and were finally detected by a magnetic
two-arm spectrometer in the 0.8 + 2.4 GeV/c pion momentum interval.
~ The channel was connected to the accelerator vacuum pipe without any
,partltlon and was shielded against the accelerator’s and Earth’s magnetic
fields. The channel was terminated with a flat vacuum chamber located
between the spectrometer magnet poles (B = 0.85 T). :

Charged particles were detected by telescopes T; and T: 5. The track
coordinates were measured by drift chambers (DC). The time interval be-
tween detector hits in Ty and T, was measured by scintillation hodoscopes
(#Hh, Ha). Electrons and positrons were rejected by gas Cherenkov counters
(Ch, Cs), and muons by scintillation counters (S,,, S, ) placed behind cast-
iron absorbers. Besides 7 mesons other charged hadrons ‘were detected. A
rate of proton-target interaction was monitored with 4-flux measurements
and amounted to about 7-108 per 0.7s spill. The detector countmg rate
was about 10° per spill.

The first-level trigger was formed by the c01nc1dence signals from the
telescopes (H18,C1S,,)x(Hy8:C25,,) (Fig. 1). The second-level trigger
was generated by a special processor which selected tracks having small
angles to the channel axis in a vertical plane (less than 3.3-10~2 rad) and
a vertical coordinate difference |Y; — Yz| in Ty and 75 less than 80 mm.
The number of events per spill written on magnetic tapes was about 90.
The total statistics collected with the “thick” and “thm” targets contains
'1.3-107 events.

Figure 1: Experimental setup: a) — channel scheme: p ~— internal proton
beam, Target — target mechanism, Col — collimators, MS —— magnetic
shield; b) — magnet and detectors: M — poles of spectrometer mag-
net, VC — vacuum chamber, DC — drift chambers, H — scintillation
hodoscopes, S, S, — scintillation counters, C — gas Cherenkov counters,
Absorber — cast-iron absorber, MC — monitor counters.



The measurements and simulation allowed us to obtain the setup res-
olution for the pion momentum o,/p = 0.008, for the-deviation of the
track projections from direction towards the target in the vertical plane
04, = 04, = 1.2 mrad and for the opening angle of pairs upstream of the

magnet g, , = 0.1 mrad. The resolution for the projections of 7*#~ pair

relative momentum in c.m.s. § onto the direction of the mean momentum
P = (P1 + p2)/2 of pions in a pair (¢z) and onto the plane XY perpendic-
ular to p' (g% = ¢% + ¢} ) were g, = 1.3 MeV/c, 0,, = 0,y = 0.60 MeV/c
for the “thick” target and o,, = 1.3 MeV/c, 0,, = 0,, = 0.44 MeV/c
for the “thin” target. The above resolutions are averaged over the pion
momentum interval 0.8 < 2.4 GeV/c. ‘

3. Data processing

At the data processing the space reconstruction of events was per-
formed. The events recorded on the DST met the following requirements:
presence of only a single track in the drift chambers of each telescope and
the track passage through the hit counter of the scintillation hodoscope.

The parameters of the tracks were corrected for the residual magnetic field

in the channel and for the horizontal component of the spectrometer mag-
net field. The particle momenta and the track coordinates at the magnet
entrance were calculated under the assumption that the particles came
from the target. '

The angles ¢,, and ¢,, in T and T; between the track projections and
the direction towards the target in the vertical plane were also determined.
The FWHM of the ¢,, and ¢,, distributions for particles coming from the
target equals 2.5 - 1072 rad (Fig. 2) and it is in accordance with the
simulation. Pairs originating in the target were selected by applying the
cut ¢, <3.5-107% rad, where ¢, = (@2 + ¢§2)%, and by some other
geometrical criteria.

To obtain the difference of the particle production times tpr = t1 — 12
(Fig. 3) the time difference between the particle hits.in the hodoscopes
was corrected for the time of flight of particles from the target to the
hodoscope (particle mass was assumed equal to 7 meson mass), for the
time of light transmission in the scintillators and for the delay spread in the
channels of the hodoscopes. The-distribution contains the true.coincidence
peak (¢ = 0.8 ns) and the umform ‘hackground of accidental ceincidences.
The ‘interval Atg =-2.56 ns was used to obtain’ the sum Nm of true and
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Figure 2: Distribution of particles from real (Niea) and accidental (Nacc)
pairs over the angles ¢y, , between the track projections and the direction
towards the target in the vertical plane in the spectrometer arm T (a, c)
and T (b, d). The number of detected events versus (¢2 + ¢§2)2 is shown
in the lower axes. N :



An example of the real and accidental pair distributions over ¢z, and

accidental events, and the intervals At; = Atz = 8.0 ns to determine the modelled function are shown in Fig. 4.

number of accidental events N, under the true coincidence peak in At,.

In the interval At, the ratio of true to accidental events equals 0.36.
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Figure 3: Distribution over the measured time difference of particle pro-
duction in the target. .

The true coincidences N; are caused mainly by #t7~ pairs produced

in the target. The fraction of background #*7~ pairs generated in the
~ accelerator vacuum pipe and in the beryllium target holder was measured
to be less than 3% of N;. The measurements and simulation have shown
that 7#t7~ pairs from K*, K~ and K} decays are strongly reduced by cut
on ¢, and their amount is about 1072 N;. The admixtures of K* K~ and
pp pairs are equal to 10~* N, and 5 - 1072 NV,, respectively. The ete™ pair
admixture due to some inefficiency (~1%) of the Cherenkov counters is
6-1072 N;. The #*K~, n~K*, #*tp and 7~ p pairs are absent in the true
coincidence peak because times of flight of 7, K and p from the target to
the hodoscopes are substantially different. From above it follows that the
7t 7~ pairs constitute more than 97% of the total number of true events
detected. : CoT

The true event distribution over ¢ (and on other variables) was found
from the obvious relation: o

ANy _dNw _[_ At ] dN, @
dg ~ dq Aty + Atz| dg (
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Figure 4: Distribution of real 7+x~ pairs over qr. Solid line is the modelled
function, dashed line is the distribution of accidental pairs

Overall range of the relative momentum g was separated into two in-
tervals. In the first interval (¢ < 3 MeV/c) the true coincidence distri-
bution contains “atomic” and “free” pairs. The “free” pairs include both
«Coulomb” and “non-Coulomb” pairs. In the second one (¢ > 3 MeV/c)
this distribution contains only “free” pairs.

For fitting the experimental distribution over g the region ¢ > 3 MeV/c

was used. The interval ¢ < 3 MeV/c is very interesting for study because
at ¢ — 0 the Coulomb factor abruptly increases. However, the presence of
the “atomic” pairs does not allow doing it in an explicit form.
" A number of “atomic” pairs was determined in the range ¢ < 2 MeV/e.
where the best effect-to-error ratio is achieved. The total number of true
events N; at ¢ < 2 MeV/c consists of the “atomic” N4, “Coulomb™ N¢
and “non-Coulomb” N, pairs:

Nt:NA+NC+Nn' (6)

The distribution dN;/dq was fitted at ¢ > 3 MeV/c with an apjprox-
imating function (see below). Then the number of “Coulomb™ Ng and



“non-Coulomb” N/ pairs in the region ¢ < 2 MeV/c was determined using
the parameters obtained by the fit.

The experimental number of the “atomic” pairs N4 was found from
the relation:

Na=N,— (N§+N]). (7)

The number of the expected “atomic” pairs NJ relates uniquely to NL:
Nj = NiCP,.P,, (8)

where ¢’ — the exactly calculated coefficient connecting the number of

the Az, produced to the number of the “Coulomb” pairs in the interval
¢ < 2 MeV/c — is determined by relation (12) in ref. (14] in view of
the experimental condition; P, — the probability of the Ay, breakup in
the target — is calculated using the breakup and discrete transition cross
sections [19] taking into account the quantum number distribution of the
dimesoatoms produced; P, is part of the “atomic” pairs at ¢ < 2 MeV/c.

- The difference between the experimental N4 and expected N4 numbers
of the “atomic” pairs :

Na— N} = N, — (N} + NL.CP,.P, + N}) (9)

is‘ mainly determined by a precision of the “Coulomb” pair number pre-
dicted at ¢ < 2 MeV/c from description of the ¢-distribution of N, at
g >3'MeV/c.

H.e're we present the values C and Py, as calculated for the experimental
conditions [20] for the “thick” (tk) and “thin” (tn) targets:

C¥* =073, C™=069. : (10)
Pk = 0414, P™=0.102. , (11)
PX =078, P"=083. )

The difference between the coefficients C for the “t‘h‘ii’(':‘:k"’_. and “thin” targets |

is due to different multiplescattering in the “thick” and “thin” targets. In

the calculation of Py, the A;, the lifetime in:the ground state was taken

 to be equal to 3.7-107'® 5. The accuracy of the coefficients € is about 1%
~and for P, it is about several percent. ' :
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4. Procedure of the Coulomb peak
description

In the construction of the approximating function the distribution of
the accidental coincidences of 7t and 7~ mesons is taken as a basis: The
thing is that the distribution of these pairs W (p1,p2) and the double inclu-
sive cross section of the pion production do/dpydp, are both proportional
to the product of the single particle differential cross sections:

do do
W (p1,p2) ~ 7= 5= 13
(pl pz) dp, dp, ( )
do 1 do da‘ -
Rpr(SaA’p7®7 (14)

dpydpy " oin dp1 dp,
where do/dpy and do/dp; are the single- particle inclusive cross sections,.
0., is the inelastic cross section, Rpr = Ac(g) Rs is a correlation function
that incorporates Coulomb (A.(g)) and strong (R;) interactions, s is the
total energy squared in c.m.s., A is the mass number of the target nucleus.

Comparison of Eqgs.(13) and (14) shows that the difference in the true
and accidental pair distributions is caused by the interaction in the final
state alone. The efficiency of the detection of the true and accidental pairs
is the same and it is determined only by the momenta of the particles.
This allows the distribution of pairs from the accidental coincidences of 7
mesons ®(g) (“phase space”) to be used for description of the true pair
distribution.

The distribution ®(q) was obtained from the accidental event distribu-
tion dN, /dq by introducing the weight Wi, = W1 (p1)-Wa(p2). Here Wa(p1)
(Wa(p2)) is a probability that the positively (negatively) charged particle
is the 7+ (7~ ) meson (see Fig..5c and 5d). The fraction of protons in the
momentum interval 0.8 + 2.4 GeV /c was calculated to be N, /Ne+ = 0.65.
This ratio was measured in this experiment for the interval 0.8-1.4 GeV/c
and it coincides with the Lund model calculation within 5%. The ratio of
K mesons to pions is below 0.3%.

In Fig. 5a and 5b the 7% and 7~ lab momentum distributions from the
true and accidental coincidences obtained with the functions Wi(p;) and
Wa(p,) are shown. The distributions of 7~ mesons practically fit each other
(x2/n = 40/55). For 7% mesons the agreement is somewhat worse (x%/n =
127/55) but the shape of the momentum distribution only indirectly affects
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Figure 5: Spectra of 7 mesons from real (bars) and accidental (solid curve)
pairs: a) positive particles, b) negative particles. Spectra for accidental
pairs was obtained taking into account the ratio of 7 mesons to all posi-
tively charged particles (c) and the same ratio for negatlve ones(d). These
ratios are calculated with FRITIOF 6.0. ‘

12

the relative momentum distribution of the pairs. Thus at the present level
of precision this consistency suffices. That was substantiated by additional
treatment of the data, its results being brought below.

The distribution ®(q) is the sum of the pair distributions ®(q)w,{(q)
from short-lived sources and ®(¢)[1 — w;(q)] from long-lived sources. Here
the weight w;(q) is the probability that both pions in an accidental pair
originate from short-lived sources.

The distribution ®(q)w,(¢) corresponding to “Coulomb” pairs should
be multiplied by the Coulomb factor but this cannot be done directly.
Because of multiple scattering of = mesons in the target and the finite
resolution of the detectors, the relative momentum ¢ measured by the
setup differs from the momentum ¢rea that pairs have after production,
which determines the value of the Coulomb interaction in the final state
and, consequently, the value of A.(¢).

For adequate description of the Coulomb interaction the followxng pro-,
cedure was realized. For each detected accidental pair the momenta pj.
p2 and the corresponding relative momentum ¢ were determined. Then
the pair production point inside the target depth, multiple scattering of =
mesons in the target material and in the setup constituents and the errors
in p) and p, reconstruction were simulated with Monte-Carlo method. As
a result, the values of p’, P, and ¢’ were obtained. The distribution over
the difference q — ¢’ corresponds to the distribution over the difference of
the measured and true relative momenta of the pairs ¢ — gea. Calculat-
ing the Coulomb weight A.(q) for ¢’ and ascribing it to the pair with the
momenta 5, py and q we obtain the distribution A'(q) = A.(¢")®(q) of the
pairs with the experimentally measured parameters of particles and modi-
fied Coulomb factor A.(¢') like it occurs in the case of the true coincidences
of 7Y~ mesons from short-lived sources.

Using the distributions ®(q) and A'(g) we can write a function G(q)
describing the experimental distribution of the true +m~ pairs:

G(q) = n{(1 — = Q)ws(9)K (q) + [1 — w,(9)]®()} , (15)

where n is the normalization factor. The factor (1 — z ¢) accounts for the
strong interaction in the final state, its form will be justified below.

We are interested in the ¢ dependences of w,(q) and (1 — z q) only in
the interval 0 < ¢ < 50 MeV/c only.

In general, the probability that both pions in an accidental pair orig-
inate from short-lived sources is the function Wi(p,q) of the mean and
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relative momenta of a pair. The function ws(q) can be written as:

pm+Ap/[2
t
. e(p, ¢)Ws(p,q)dp
Pm—AP/2 dp dq
w,(q) =" (16)
dN,
Mé‘(]?, q)dp
pm—Qp[2

where p,, is the middle and Ap is the width of the mean momentum in-
terval of the data sample used. The simulation has shown that under
experimental conditions (¢ < 50 MeV/c and 800 < p < 2200 MeV/c)
W, does not depend on ¢: W, = W,(p). Also, the distribution of pions
can be factorized dN;/dpdq ~ F(p)H(q) and its dependence on ¢ in w; is
canceled. However the 7*7~ pair detection efficiency as a function of ¢
varies with p, i.e. €(p,q) # €(p)e(q) and this fact leads to the dependence
of w, on ¢. This"dependence can be diminished by dividing the statistical
data into narrow intervals Ap. To exclude it totally, the events should be
selected in such a way that the ¢-dependence of the detection efficiency
will be the same for all values of p, i.e. the detection efficiency should be
a factorized function of p and ¢: e(p,q) = e(p)e(q).

The strong correlation function R, can be factorized in the form [23]:

Rulg) = (1+ F(9)) () )

where F(q) and 5(¢?) include the 77 interaction in the final state and the
dynamics of #*7~ pair production, respectively.

The relative change of S(¢?) in the range of ¢ from 0 to 50 MeV/c is
about 4-1072 [23]. This result is explained by the small difference of 77~
effective mass My, from 2m,: M,, = 2m, + 4.4 MeV at ¢ = 50 MeV/c.

The correlation function F(q) was obtained in the framework of the
independent source model [10, 24, 25]. In the 1nterval 0 <¢qg<30MeV/e
it can be written as a linear functlon :

Flo)=Fo=q. (18)
It was found that the coefficient £ does not depend on the model parameters
and equals £ =~ 1.2- 1073 (MeV/c)~!. It should be pointed out that Fy
depends on p. L ,
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The hadron correlation function R,(q) varies only by ~6% in the inter-
val 0 < ¢ <50 MeV/c. This is confirmed by the experimental observation
[20]. Thus for taking into account the effects of the strong interaction in

‘the final state the linear function (1 — z¢) written in (15) is sufficient.

Practically, the experimental distribution of the true pairs was fitted
by the functions of two kinds that were obtained on the basis of ®(¢q). The
first one was constructed on the assumptlon that w,(q) = const and had
two free parameters n and w

G(q) = n[wK(g) + (1 —w)d(g)] . (19)

The hadron correlation function was not taken into account in this case.

The other function was used for a joint fit of the ¢-distributions in a
few intervals of the mean momentum p. This allows for the dependence
w,(q)- In the ith interval the function is determined by three parameters
w; (i =1,2, ...) and n and @ which were common for all intervals:

G(g) = nf(1 — apPywiK (q) + (1 — wi)®(g)] - (20)

The parameter a takes into account the variation of amount of the

pairs from short-lived sources through dependence of the hadron correla-

tion function on the lab momentum at ¢ = 0 (18). The p* is the middle

momentum of 7 mesons in the ith interval. The factor which describes the

dependence of the hadron correlation on ¢ (15) is not included because the
analysis has shown that the coefficient z is not statistically significant.

5. Results

The pairs with the mean momentum in the interval 800<p<2200 MeV /¢
divided into 8 parts of 175 MeV/c width were selected for analysis. The
relative-momentum distribution of true coincidence pairs (the experimental
distribution) was fitted by the two-parameter modelled function G(g) (19)
in each part and in the intervals consisting of two or four parts and in the
whole region. '

Figures 6a~6c show the event distributions over ¢ and its projections
gz, and gr for the mean momenta 1500 < p < 1850 MeV/c obtained on the
“thick” target. The pairs with ¢ > 3 MeV/c were sampled to exclude the

“atomic? pairs. The fall in the distribution over ¢z, near zero is explained
by this cut.
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Figure 6: The event distributions over the relative. momentum ¢ in' the
interval 3 < ¢ < 50 MeV/c obtained with the “thick” target (a) and over
its projections g, (b) and ¢r (c) for the same data. The mean momentum
range is 1500 < p < 1850 MeV/c. Solid lines are modelled functions.
Distributions (d), (e) and (f) show the same data presented in the form of
correlation functions. Distributions (g-1) obtained with the “thin” target
are analogous to (a-f) ones. :
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In Figs. 6d-6f the same data are presented in the form of the correlation
function:

-1 N(q) )
fa) = 5 3 (21)
Here N(q) is-the experimental distribution, ®(q) is the “phase space”, n
is a normalization coefficient of the modelled function G(¢) (19). This
normalization provides R — 1 at ¢ — oo. For the correlation function
determined in this way the detection efficiency and the setup acceptance
are excluded.

In Figs. 6g-6i the event distributions analogous to those in Fig. 6a—6¢
obtained with the “thin” target are presented. In Figs. 6j-61 the corre-
sponding correlation functions are shown.

It is seen that the value of the correlation function increases with de-
creasing relative momentum from 1.1 at ¢ = 15 MeV/c to 1.6 at ¢ =,
3 MeV/c (Fig. 6j). The distribution over qr does not contain the “Coulomb”
peak at small g7 because it is integrated over qr, and hence for different ¢r
the average values of ¢, which determine the “Coulomb” factor, are similar.

In all the figures oue also sees the modelled curves whose parameters
were obtained by fitting only the g¢-distributions. Good description of
the distributions over the ¢ projectious confirms the correctuess of the
procedure used.

For estimation of the description quality of the event distributions it is
appropriate to use x? values for the correlation functions because the mod-
elled function G(q) based on the distribution of accidental pairs contains
statistical errors as well. These errors do not take into accounted the sta-
tistical errors of the experimental distribution and the y\? values become
larger. The correlation function is free of this shortcoming because the
errors of both the true pair distribution and “phase space” are included in
the errors of R(q).

The x? values and fit parameters w and n for different intervals of the
mean momentum [Pmin, Pmax] fOr the two target thicknesses are listed in
Table 1. Rather bad y? values in the first aud last intervals are explained
by strong dependence of the range (qr,¢r) for the detected pairs on the
pion mean momentum near the boundary of the spectrometer acceptance
and, consequently, by higher sensitivity of the fit procedure to the variation
of the ratio between the “Coulomb” and “non-Coulomb” pairs in these
momentum intervals.
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Table 1:
Prnin Prmax thick target
MeV/c | MeV/c | x*/n w n

800. | 1150. | 33/21 | 0.66 +0.14 | 0.1013 £ 0.0043
- 1150. 1500. | 26/21 | 0.455 £ 0.075 | 0.1012 + 0.0022
1500. | 1850. | 18/21 | 0.552 £+ 0.079 | 0.0861 £ 0.0020
1850. | 2200. | 31/21 | 0.57+£0.17 | 0.0812 4 0.0041

' thin target
800. 1150. | 25/21 { 0.51 +£0.15 | 0.1062 % 0.0051
1150. 1500. | 13/21 | 0.619 £ 0.096 | 0.0986 + 0.0026
1500. 1850. | 19/21 | 0.588 £ 0.089 | 0.0922 + 0.0023
1850. | 2200. | 19/21 | 0.70+£0.19 | 0.0849 =+ 0.0047

The data in Table 1 show that the normalization coeflicient n depends
on the mean momentum p. Probably, it is explained by the momentum
dependence of the hadron correlation function (18) at ¢ = 0. The values
of w, are practically the same for the different momentum intervals taking
into account the errors.

The experimental numbers of the “atomic” pairs N4 obtained for the
“thick” and “thin” targets by data fitting in eight, four, two intervals and
in the whole momentum range are listed in Table 2. In addition, there
are also the values of N4 obtained by summing N4 in the intervals of the
mean momentum of 175 MeV/c W1de presented in the first eight lines of
Table 2.

Comparison of N4 and Nj in the momentum intervals of different width
shows that for the widths up to 700 MeV/c the difference is practically
absent. Only in the whole momentum region N, increases as compared
with N5. This difference cannot be due to statistical fluctuation because
the values of N4 and N3 are based on the same data sample. It is explained
by dependence of the w,(g) behavior on the momentum interval width.
Consequently, for the given statistics the dependence of the ratio of the
short-lived to long-lived sources on the momentum p, which is responsible
for w, = w,(¢) does not influence the results for the interval width which
is less than or equals to 700 MeV /c.

To obtain the sensitivity of the description of the experimental data to
the modelled function we performed an additional fit with four different

functions:
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Table 2:

Proin Prmnax thick target thin target
MeV/c | MeV/c Ny N3 Ny N3

800. 975. | -1.+24. 1. £+ 20.
975. 1150. { 39. 4+ 32. -2. 4 28.

1150. 1325. | 121. £ 32. | - 14. £+ 30.

1325, 1500. | 101. + 32. 3.+ 27,

1500. 1675. | -8.431. 17. £ 27.

1675. | 1850. | 102. + 26. 31. £ 21.

1850. 2025. 5.+ 16. -5. £+ 13.

2025. 2200. 5.1+ 4. -3+ 4.

800. 1150. | 30.4+39. | 39.4+40.| 1.£34.| -1.+34.

1150. 1500. | 224. +45. | 222. +46. | 14. £ 40. | 16. £ 41.

* 1500. 1850. | 99.+£40. | 94.+40. | 48. £34. | 47. + 34.

1850. | 2200. | 13.+16.| 10.4+17. | -7.4+14. | -8. + 14.

800. 1500. | 264. £59. | 261. £60. | 11. £ 52. | 15. & 53.

1500. 2200. | 116. +43. | 104. £ 44. | 44. £37. | 39. £ 37.
800. |- 2200. | 404. £ 72. | 365. £ 74. | 71. £ 62. | 55. £ 65.

1. Modelled distribution of the “Coulomb” pairs K(gq) only.

2. Sum of the distributions of the “Coulomb” K(g) and “non-Coulomb”
®(q) pairs at their ratio calculated with the Lund model.

3. Sum of the distributions of the “Coulomb” and“non-Coulomb” pairs
(19). Their ratio was determined independently by fitting the ex-
perimental distributions in the eight momentum intervals. In order
‘to obtain the correlation function for the total momentum range the

values of the modelled correlation functions of all intervals were av-
eraged taking into account statlstlcal €rrors. ‘

4. Three—pararneter function (20). The fit was accomplished jointly in
the-eight intervals with the subsequent averaging.

The results are-shown in Figs. 7a-7d and in- Figs. 7e-7h for the “thick”
and “thin” targets, respectively. As is seen from Fig. 7, the best agreement

* with the experiment is achieved with the three-parameter function.
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Figure 7: The correlation function versus relative momentum ¢ obtained
with “thick” (a-d) and “thin” (e-h) targets fitted by four different mod-
elled functions (solid curves)
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Figure 8 shows the distributions of the 7+ 7~ pairs over relative momen-
tum in the region 0 < ¢ < 50 MeV/c for the “thick” (Figs. 8a and 8b) and
“thin” (Figs. 8c and 8d) targets. The curves are the three-parameter mod-
elled functions with the parameters determined in the region ¢ > 3 MeV/c.
As indicated in Fig. 8, an excess of the experimental distribution above
the modelled distribution is observed, sizable for the “thick™ target and
moderate for the “thin” target. The “atomic” pairs account for this excess
[20]. The difference in N4 obtained with the “thick” and “thin” targets is
explained by different B, values in Eq.(11) for two target thicknesses.

The number of the “atomic™ pairs Na. the expected value of N and
the errors in their difference oan for two thicknesses of the targets S; are
presented in Table 3. From the cited data it follows that the experimental
and expected numbers of the “atomic” pairs are in agreement within the
statistical error limits both for the “thick” and the “thin” targets. This
allows the conclusion about the adequate description of the =*x~ pair
distribution considerating the Coulomb interaction in the final state.

Table 3:

5;1 f\nq 1\C£ TAN
Hm
8.0 | 352. £ 74. | 209. £16. | 89.
1.4 54.4£65. | 43.+3.6 ) 68.

6. Yield of pairs from short-lived and
long-lived sources

The contribution of the pairs from long-lived sources determined by
fitting the distributions in the eight momentum intervals for the “thick”
(i) and “thin” (li,) targets as well as the values of [, pledlcted with the
Lund model are presented in Table 4.

As follows from the above data the experimentally determined contri-
bution of pairs from long-lived sources is measured with an accuracy of
10% and corresponds to the Lund model calculated values within the sta-
tistical error limits except the interval 1675 < p < 1850 MeV /c for “thick”
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Figure 8: Event distributions over relative momentum ¢ in the interval 0 <
¢ < 50 MeV/c obtained with the “thick” (a) and “thin” (c) targets. The
same distributions are also presented in the form of correlation functions:
(b) and (d), respectively.

22

Table 4:

Pmin Pmax Itk ltn IL
MeV/c | MeV/c % % %
800. 975. [ 17.5+9.2 | 43.+15. | 47.8
975. | 1150. | 41.3 7.8 33.7+9.8 | 43.1
1150. 1325. | 35.6 £ 7.4 | 37.0+£ 9.3 | 37.9
1325. 1500. | 35.2+7.5 | 31.1£8.8{33.1 |
1500. 1675. | 35.0 8.4 | 37.8 £ 9.2 | 28.8
-1675. 1850. | 63.+11.| 32.+11.|25.0
1850. 2025. | -34.+18.| 17.£18. | 21.8
2025. | 2200. | 47.449. | 50.+52.}19.2
800. 2200. | 40.3+4.4 | 33.2+£5.0 | 31.3

target. But in the same interval for the “thin” target this difference is
absent though the ratio of pairs from different sources does not depend
on the target thickness. This allows the difference to be considered as a
statistical fluctuation.

Thus the’effect of Coulomb interaction in the ﬁnal state allows one to
separate pairs in respect to. their production region size. This method is
suitable for high multiplicity processes.

7. Test of the result stability

We have tested the influence of uncertainties in the setup resolution
and admixture of ete™ and 7~ p pairs on the results.
The setup resolution affects the shape of the atomlc and “free” pair

'dlstrlbutlons To infer how the resolution of the setup in p and 0, 2 affects

the “atomic” pair number the values of o, and o, determined in this
experlment (see Section 2) were altered mdependently and jointly by 10%
(o), and o ). The results are listed in Table 5. It is shown that a 10%
sunultaneous resolution variation in g and gr leads to a 7.5% change in

"N, for the “thick” target. The accuracy of the difference of Ny for different

resolution practically does not include statistical errors of N4 because for
all cases the same statistics was used. Consequently, in the calculation -of
the difference the statistical errors are canceled and the variation of N4 is-

explained iny' by the use-of different resolution values.
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Table 5:

0y, | O | “thick” target | “thin” target
9qr | 9qr Na Na :
0.9 | 1.0 335. £ 75. 35. £ 66.
1.0 | 1.0 354. £ 74. 55. £ 65.
1.1 |.1.0 373. £73. T4. £+ 63.
1.0 | 0.9 346. £+ 75. 55. £ 65.
1.0 | 1.0 354. £ 74. 55. £ 65.-
1.0 | 1.1 360. £ 74. 56. £ 65.
0.9 | 0.9 327. £ 76. 35. + 66.
1.0 | 1.0 354. £ 74. 55. + 65.
1.1 | 1.1 380. £ 73. 75. £ 63.

For the “thin” target the absolute value of the change matches the
change for the “thick” target, but the relative change of N, is substantially
greater. This is due to the value of the change being determined by the
error in the prediction of the “Coulomb” pair number in the region ¢ <
2 MeV/c and, consequently, by the “Coulomb” pair number itself. The
errors in the “Coulomb” pair number for the “thick” and the “thin” target
are similar but the number of “atomic” pairs with the “thin” target is
much smaller. Therefore the relative error is found to be larger.

The influence of the e*e™ pair admixture in the distribution dN;/dq on
the number of the “atomic” pairs was tested by adding to this distribution
1%, 2% and 4% admixture of ete™ pairs relative to the total number of
analyzed events. (The measured value of this admixture was 0.6 %). These
pairs were mainly generated in the Dalitz decay 7% — e* e~ v and were
recorded for calibrations. The above numbers of et e~ pairs were processed
as m mesons and added to the distributions of the 7+ 7~ pairs. In Table 6
the corresponding changes of N4 are presented. It is seen that the real
admixture (0.6%) of ete™ pairs does not affect the final results.

A change of N, was also obtained supposing that there has been in-
correct subtraction of 7~p and 7K admixtures from the accidental event
distribution. To test the scale of N4 variation this value was calculat-
ed without the correction of the detected spectra for the contribution of
protons and K mesons by replacing the distribution ®(g) by dN,/dq (see
Section 4). It leads to: '
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NY¥=356+75, NP =50464. (22)

The differences between these values and N4 given in Table 3 are negligible.

Table 6:
neg | “thick™ target | “thin” target
% Ny N,
352. 4+ 74. 54. £+ 65.
1. 354. + 74. 56. + 65.
2. 354. + 75. - 57. 4+ 65.
4, 350. -+ 76. 51. 4+ 65.

8. Conclusions

In the present experiment the correlation function of the 7t~ pairs in
the region of the Coulomb interaction in the final state was measured. The
ratio of pairs from the short-lived and long-lived sources was determined.
The m*7~ pairs with the relative momentum ¢ < 2 MeV/c onto the “atom-

, “Coulomb” and “non-Coulomb” pairs were separated, which allowed
obselvatlon of #¥7~ atoms [20] and estimation of their lifetime [21].

The possibility of using the Coulomb effect to separate charged paltlcl(
pairs according to the size of the particle p10duct1011 region was demon
strated.

The measurement of the 7+7~ correlation function provides the exper-
imental ground for the “Coulomb” corrections used in the experiments for
the Bose-Einstein correlation [9].
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