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Hayyenne apdexra uHTepdepeHunu B nMapax TOXKAECTBeHHBIX
HaCTHU B HHK/IO3HBHLIX pp-B3auMonefcremax npr 22,4 I'saB/c

Ha marepnanax c ycranoku "Jloomuna“ uayden adpeKT HHTepdepeHLUHH
B llapax TOXOeCTBeHHbLIX IHOHOB B [..)p -B3aumMonencreuax npu 22,4 I'sB/c
Co MHOxecTBeHHOCTbIO N> 6. Odbdexr nabnionancs xak ma AA-nRarpamme,
TaKk H B ClexTpe 3¢PeKTHBHBIX Macc M, . map nuouoe., B pamkax auanu3a
AA —puarpaMmbl onpenenesbl CpefHHH pa3mep H BpeMs XH3HH O6/1aCTH pC K=~
Renus nuonos: <R> = (3,0#+0,5)fm u <r> = (3,1+1,6) fm/c. HameperHomy
coornowennic nonepeuroro (P u nponoasnoro paamepos (R, = (1,7+0,4) fm,
R” = (4,4+1,4) fm) naHo ofbACHEeHHe B paMKaX MOME/H LBHXYLMXCS
HCTOYHHUKOB,

PaGora srinonsexa B JlaGoparopuu BLICOKHX anepruit OUAHU.

Ilpenpeutr O6MeARNHEHHOrO RECTETYTA AAepHMX Nccneaosanxd . y6ua 1977

Filippova V.V. et al E1 - 11073

A Study of the Interference Effect in Identical Particle
Pairs for Inclusive pp -Interactions at 22,4 GeV/c

The interference effect (IE) in identical pion pairs has been
investigated in pp-interactions with charge multiplicities N ch2 8
at 22,4 GeV/c using the data from the HBC "Ludmila". The effect
was observed both on the AA-plot and in the effective mass (M””)
spectra for pion pairs. The mean dimension and lifetime of the
pion emission region were determined from the- analysis of the
AA _plot: <R>= (3,0+0.5)fm and <r>=(3,1+1.6)fm/c. The explanation
for the observed relation between transverse (1) and longitudinal (|])
dimensions (R | = (1.7+0.4) fm, er (4.4+1.4) fm) was offered in the
framework of the model of moving sources,

The investigation has been performed at the Laboratory
of High Energies, JINR,
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In this paper we present the data on the inter-
ference effect observed in the two-particle spectra
of identical pions from inclusive pp -interactions at
22,4 GeV/c*. The experimental material has been
obtained using the 2m HBC "Ludmila" exposed to
a R¥-separated antiproton beam at the Serpukhov
accelerator 'V .Details of the experimental procedure
have been published elsewhere/1.2/.Results on the
topological cross sections and single-particle inclu-
sive spectra can be found in papers/?:3/,

1. THE INTERFERENCE EFFECT
IN MULTIPARTICLE PRODUCTION

The first evidence for a possible influence of the
interference effect (IE) on the identical particle spect-
ra has been obtained from the analysis of the an-
gular correlations of secondary 7 -mesons in multi-
particle reactions and is known as a GGLP-effect/¥/.
Recently this problem has been studied from a new
point of view in Kopylov's and Podgoretsky’s pa-
pers/58/ The authors have shown that the interfe-
rence between two identical particles 1 and 2 with
4-momenta p; and py, appears only when p;=p, and
depends on the 4-momentum difference 4=p,-P,
For the case of bosons (e.g., 7-mesons) the in-

*Preliminary results were reported at the XVIII
International Conference on High Energy Physics,
Thbilisi, 1976,



terference is constructive and the two-particle

phase space density W for identical particles is of
the form:

W p ) =M+ 1@pIW @ p,), (1)

where p =p;+pgand Wyis the phaée space density in
the case when the interference is absent, The form
of the function f(q,p) depends on the type of pro-
duction mechanism, Nevertheless, f(q,p) has the
following general properties: a) f(0,p) = 1 b) f(q,p)-0
when the modulus of any component of the 4-momen-
tum ¢ tends to infinity. The velocity of this decrease
depends on the space-time characteristics of the

T -meson sources,

As is shown by Kopylov /8/,for the IE study it
is enough to analyze the two-dimensional (4g.9%) -
distribution ( AA -plot), if one uses the projections

P
Here qg=|p;,~py,| and q%:EQ—(a-H)Q. If pions alr")e[
independently emitted by the sphere surface of
radius R, the function f(¢) takes the form:

21 (Rq p) 2
Rq T 1+ (rqo)2 ’

g . . . .
of vector q on the pair motion direction 1 -

flg=1

(2)

where 7 is the lifetime of the sources and J (x) is
the first order Bessel function., !

. More precisely, formula (2) corresponds to the
disk which uniformly emits 7 -mesons in the direc—

tion n. If eq. (2) is taken in the exponential approxi-
mation

2 2
R%q
5 __ T 2 2
(W) = exp(= —— ~r2q §), (3)
R2
replacement of r2 by 7?4 STl ( vy is the pion
8v

pair velocity) permits one to take into account the
curvature of the emission surface /Y,
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It should be emphasized that in general the
q  ~dependence of the function f(q,p) is defined
by three parameters: lifetime of the sources, disper-
sion of moments, when the sources are switched on,
and "longitudinal” time" R;/vg (RL is the size of
the pign /s?urce system along the observation direc-
tion n )% .The behaviour of the q%—dependence of
f(a,p) is determined by the source system dimen-
sion perpendicular to the direction n. Thus, it is
possible to obtain the longitudinal (R, Jand trans-
verse (R]) dimensions of the pion generation region
by changing the observation direction 3/13/.

It is easy to show that the IE appears also in
the effective mass (M__) spectrum of identical pion
pairs or in the m?-spectrum, where m2=M72m—4;12=q§—<i’2
(g is the = -meson mass). For the M, -spectra
of like pions one can get the following relation

do/dM 2 2 ’
1. exp (-~ B m_) (4)
dog/ dM 3

which is true for small m. The denominator in eq.(4)
corresponds to the M., -spectrum when the inter-
ference is switched off, In the general case the
slope B?depends on the source system dimensions,
their lifetime, the direction of observation, and the
pair velocity.

2. EXPERIMENTAL RESULTS

The interference effect was studied in the
c.m,s, of the pp -reaction for a sample of 3775
events with the number of prongs N ,>6. As a
Wo(p,.pp) distribution in eq. (1), the (z*7~) -pair
distribution was taken, The AA-plot was analysed
in the region gqg <0.44 GeV, g% < 0,22 (GeV/c)?
and the M, -spectra for M, < 0,54 GeV.

As mentioned above, the expected effect should
appear at p,~p,,i.e, for tracks which are situated
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very close in space, Due to some difficulties in

a reconstruction procedure of such tracks, there
can be a difference in geometric parameters for
particles from (++, --) and (+ -) pairs. However,
the analysis of the pairs with gp< 0.05 GeV and

9% < 0.02 (GeV/c) 2 shows that the accuracy of geo-
metric reconstruction for tracks in this region is
practically the same for (++, --) and (+-) pairs and
does not differ from the mean accuracy for all
tracks. The mean momentum error was <—pR> ~ 1%

for pairs with q(<0.05 GeV and q% <0.02 (GeV/c)®
The choice of a bin value for all distributions was
determined by the condition <E1—E-l:§—2—‘-> >> %p_
(here p,, are the laboratory momenta of particles).
Only some 7% of (++,--) pairs in the above inter-
) i

Pi1tPg

It should be noted that the estimation of particle
ionization was made up to pp,, =15 (GeV/c). Tre
mean value of laboratory momentum for narrow pairs
in the chosen region was found to be 0.9 GeV/c,
and 86% of particles (with Plap < 1.5 (GeV/c)) were
unambiguously identified, Some contamination of pro-
tons among the particles with p,,>15 (GeV/c) can
only decrease the visible interference effect. But
this contamination is small enough which follows
from the symmetry of the total p*li —distribution in the
c.m.s. for pions in an interval of g < 0.05 GeV and
qu < 0.02 (GeV/c)2. The latter was found to be
symmetrical in agreement with CP-symmetry, It is
also clear that a possible contamination of Dalitz-
pairs in (+—) pairs can only decrease the observed
effect.

The (7'7)- and (z 7 spectra were combined, and
the spectra of like and unlike pions were normalized
according to the definition (1) so that the ratios
of the spectra shown in figs, 1-5 should be equal
to 1 outside the interference effect region (q 0 >

vals q, and qu satisfied the condition <1%.
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> 0.12 GeV, 2> 0.06 (GeV/o)’, M., >0.34 GeV).
Later on the ratio of the normalized x -spectra will
be called the x -distribution and be denoted by g(x).

The qq —distributions for different intervals of Q5
are shown in fig, 1, where one can see a distinct
peak at small values of q, for an interva(l of
0<qqp < 0.2 GeV/c. A clear peak in the qz'T—distri—
bution is seen in fig, 2 at small q2 for an interval
of O<qO < 0,05 GeV, The observed effect/is /in
agreement with the theoretical predictions /578 dis-
cussed above, A similar effect is observed in other
reactions as well (see Table 1).

The mean dimension R of the emission region
was determined by fitting the 7% —distribution pre-
sented in fig., 2a by the formula

g(q2) = bi1 4 a[2JlR(-E{Ei]2§. (5
dr
9l o
NI
':ZD% o,<q.<a1om) 0,10<q,<a2(o“ 0.20<q,<0;;co= 0v<q,<0.20{d)
151 151 1 15¢1 1 151

i + :

10 —H +—_*-‘— 10 -Jr Jf:Hr—-}: 10 +H—+—+—_:}: 10 —l(tH-——I—-

O 16 3248 0 16 32 48 0 16 32 48 0 16 .32 48
Go.GeV

Fig, 1. The q,-distribution for different ¢ -inter-
vals.
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Fig. 2. The q2-distributions for different qy-in-

tervals,
Table 1
ofe{ FBeanm mo- ) ¢
Reaction rencd mentum (fm) (fE
(GeV/c)
T ps2T +X 710/ 50, 1.740.3 | 0.840.5
rpaKtp2fton /1/ 8.25 ~0.8 0.941.2
P> p2T+ X 712/ 28.5 1.340.1 0.440.2
+ Ly - ", 0.4 0.6
T7=p>p(5:DT /13/ ffrom 4.t0 25.] 1.0857; | 0.75'3
T pp27 577X 7114/ 11,2 [1.0440.1 | 0.4120.15
Po >3721* /15/ 1. £ 1.6 |1.2320.09 | 1.484%°5,
72T+ X 716/ 200. 1.4120,35 -
T’ (p) + X 17/ 3.7  |2.6 #1.2 | 0.8+0.5
Pp >2M+ X Sata 22.4 3,04 0.5 | 3.131.6

which follows from eqs. (1) and (2), Here b and «
are free parameters, the parameter b being intro-
duced to make a correction for normaluzation,

The r -parameter was determined by fitting the
¢ o distribution presented infig, 1d by the formula
) 3
gq,) =bll + _r (6)
2
1+ (rqo)

where b and 8 are free parameters,

The fitted values of R and c¢r (¢ is the light
velocity) are given in Table 1 together with the
results of some other experiments.

The value of R remains practically the same
after replacing the term 2J,(x)/x in eq. (5) by
exp(-x2/8). As is seen from Table 1, the dimension
and lifetime of the pion emission region in pp -inter-
actions are larger than in other reactions,

To estimate the longitudinal and transverse di-
mensions of the pion emission region, the depen-
dence of the interference effect on the pair orienta-
tion with respect to collision axis has been investi-
gated. As is mentioned above,the like particle pairs
moving in a definite direction n permit one to esti-
mate the dimension of the system situated in the
pa/ir' cop/lanarity plane and perpendicular to vector
n /%812 The pair orientation in the c.m.,s. can be
defined bz angles ¢ and ¢:0 ig the angle between
direction n and collision axis X, ¢ is the angle bet-
ween vector qg¢ and plane (n, ):). It is evident that
the selection of pairs with |cosf|=1 gives us the
value of Ry (due to the azimuthal symmetry, there
is only one dimension in the transversal plane). In
order to measure R, it is necessary to select pairs
with cosf=0 and |cos¢i=;.Note that the selection criteria
for pair orientations are the same for (#*7%) _and
(m*7~) —pairs in all the distributions discussed later,

The q%~distributions for pairs emitted along the
collision axis ({cosf]|>0.5 and perpendicular to it are
shown in fig, 3. From the fact that the peak in the
q% -distribution for pairs emitted in the longitudinal

9
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Fig, 3. The q?r—distributions for the pairs emitted

with 0< g4 < 0.05 GeV

in the longitudinal and

transverse directions in the c.m.s.: a) |cosd| > 0.5,
b) lcos O] < 0.5.

Table 2
Pair orienmtation R T B
(fm) (fm/c) (tm/c)
a1 0 ama @ 3.0+ 0.5 2.3 4+ 0.8] 2.4 + 0.3
/cost) 20,5 1.72 0.4 3.1 4 1.6 1.8 2 0.4
/cosb)< 0,5 3.8+ 1.0 2.2 4 1.0{ 3.5 2 0.7
/o8 < 0.5 and /oo-fhﬁ-.- B84 1.8 1.8 4 0.5 3.4 4 1.0
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direction is wider than for transverse ones it fol-
lows that R <Ry . The values of the parameter R
obtained by fitting the g&-distribution by formula (5)
for different pair orientations are given in Table 2.
Use was made of the g% -distributions with ¢, cut:
O<q0<_O.05 GeV., As is seen from the table, RW is
much larger than R,. ‘

It has been found that the slope for the qo—dis—
tribution also depends on the pair orientation. For
convenience in further discussion, the values of the
T —-parameter given in Table 2 were obtained by
fitting the ¢ -distributions for q_< 0.2 GeV/c by

0 T
the formula
(rq

2
o . (?)

The data from Table 2 indicate thatr, <r L .

It is evident that the lifetime of the 7 -meson
source cannot depend on the pair emission direc-
tion, Consequently, the dependence of the r-para-
meter on the pair motion direction indicates that in
our experiment the slope of the g -distribution is
determined not only by the lifetime of the z-meson
source. It is possible that the longitudinal dimension
of the pion source system (along the observation
direction) affects the parameter r.

A systematic excess of the relative number of
like pion pairs over unlike ones was observed near
the threshold of the M__-effective mass spectrum in
different reactions’18-207 The analysis of the M~

d "‘7/dM . an

g(qy) = bl1 + ae

. . . o, .

distributions (ratlos g(M - )= —3——— is a sensitive
dN ' /dM,,

method for studies of this phenomenon.

Our M,  =distributions show a sharp peak near the
threshold (see fig, 4 ). The width of the peak is
~ 60 MeV, As is pointed out above, this peak is due -
to the interference of identical pions. In order to
obtain the parameter B in eq. (4) we have fitted the

M_. =distributions by the formula:

1"



22
M )< bl1vae PR, (8)

where ph and 3 are free parameters,

Having fitted the distribution shown in fig. 4a
by eq. (8), we obtain the value B=(2.4+ 0.3) fm/c,

Figure 5 shows the dependence of the M__ -
distributions on the pair emission direction, It is
seen that the peak is wider for pairs emitted along
the collision axis. The corresponding values of the
B -parameter obtained by eq, (8) for different pair
orientations are also given in Table 2, The data
in figs. 4b and 4c indicate that the threshold peak
becomes broader with increasing multiplicity, Final-
ly it should be noted that the normalization parame-
ter b was found to be close to 1 for the fits of
all discussed distributions which is in accordance

with our definition of normalization,

Nch»6 Neh=6 Nch»8

(a) ()

1 : 1.5-_{, - 1‘5+
Jr

tof - T4 4l - Rt ETE S By e ~H

dN*YaMpn
& dNTaMp,

28 36 44 52 28 36 44 52 28 36 44 52
Mn n GeV

Fig, 4. The M,,distribution for different charge

multiplicities: a)N  >6 , b) N., =8, c) N, >8.
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lcos81>05 [ IcosBl<os
(ar 1 i (8)

dN**/dM
dN"/dMnn

1'5. g

=~
(&)

1
10f - - T4 - 4 10}- —+ﬂ:—i—+_‘j:+

28 36 44 52 28 36 44 5
M7, GeV

Fig, 5. The M__-distribution for the pairs emitted
in the longitudinal and transverse directions in the
c.m,s,: a)|cosf| >0.5, b) |cosf| <0.5.

3. DISCUSSION AND CONCLUSIONS

The above results on the interference effect
have been obtained using the (n+n _)—spectra as
a background. It is impossible a priori to exclude
some dynamic correlations for (ztr )-pairs with
43~A47~0. To eliminate such correlations, we used
a special procedure of background construction
based on mixing the 3-momentum components for
particles in each real event (see paper /9/). It is
important that this method does not violate the law
of momentum conservation for each event in contrast
to the method of mixing particles from different events,

Using the background constructed by the above
procedure, we have obtained that the 94 q2T—,
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M__ —distributions are not changed in the studied
recgion. This is in additional evidence for the con-
centration of the observed effect in the pairs of
identical particles.

Going on the interpretation of our results, let
us note that the observed anisotropy of the R andr
parameters points to a cigar-like form of the , -
meson emission volume, i.e., Rji >R j. The obtained
opposite relation between the parameters r TR
(see Table 2) is in good agreement with this con-
clusion because the parameters 12| (7_2L ) contain
a term proportional to R (R|) respectively.

On the other hand, the measured values of the
parameters R and ¢ (-~ 3 fm) seem to be too
large for the space-time characteristics of the in-
teraction region. This is the reason why we. decided
to use the moving source model (MSM)/ 21,22/ in which
it is possible to get in natural way a stretch of the
7 -—meson emission region by T=Vr (Vv is the
source velocity), For two like sources such as clus-
ters with radius R moving with velocities \71 and \72,
eq. (35) from paper /2V can be written as

22 4
4 -R 20(l+yy ) d o
d 4 1 0
) T (S A L ?y2 It (9)
d 2 2 2 2 2 4
q 1+y1 1+y2 (1+y1)(1+y2) d'g

where y1,2:(qo'a'31.2)71,2”1,2 is the lifetime of
the sources in the observation system (assume that
o =c =1 ) Here a is a relative contribution of
the cross-interference term (0 < a <1). The spatial
distribution for the sources inside the cluster is
assumed to be gaussian-like in order to take into
account the recoil effect. For the case Vv =—v_)2=\7
(ry=ry=r) and small y,, and R|q| eq. (9) can be
rewritten in the following exponentional approxima-
tion .

‘o es2 22 2 2.2 1 g o 99

:§1+exp[—R q -7 qO-—r k(quH +~——V_Lq_L)“—-——-—,
dq R d4q
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where V| (V))is the longitudinal (transverse) velocity
component) with respect to the collision axis and

k =1+2. For the pairs observed along or across
the reaction axis, the last expression is a function
of two wvariables only, and it is easy to get the
equations:

RY=4R® 4 2k 2V E (10a)
R 1

2 _ ,R2 !

r2 =2y —T<_‘7g—> , (10b)

Rﬁz 4R% 4 4k72vﬁ : (10c)

2

R

712! - 2 1. (10d)
4 Vg

where the mean value <1/v20> Z2 in our experiment,
The approximate formulae (10) are true in the region
of the maximum of the interference, where they can
be used for qualitative estimations. It should be
emphasized that eqs. (10b) and (10d) are also valid
in the case of motionless sources (for emission from
the ellipﬁ?id surface the factor 1/4 must be replaced
by 1/18'% ). Note that if two like sources are mo-
ving in opposite directions and if only the cross-
interference is essential (k=3), one can get from eq.
(10) the parameters RH’L 3 times (at R=0) as large
as those for the sources moving in the same direc-
tion (k=1).Anisotropy of the parameters 7.2; , increa-
ses accordingly, In the case when the {é’o&rce 1

is fixed and the source 2 is moving (assuming

T << 1, ), one nesglséeto put k= —I—E—a— in eqgs. (10)
and replace R*- -%eand P2 krg in eqgs. (10b,d).
The case of one moving source is described by
eq. (10) at k =1.

From eqgs. (10) it follows that in all cases our
results (R_l_<RHand T, >7H) can be explained in
vf

5 ) generation of

the MSM by peripheral ( v|2l >

18



the 7 -meson sources, It is evident that the rela-
tion R<0.5R 1 is true for the source dimension.

Using eq. (10) in our experiment, one can find
an estimation of r < 0,7 fm/c. If one assumes v_L~0
then R ~(0.8-0.9)fm and v|| ~1 as it follows from
eqs. (10). If R is small in comparison to dynamic
terms in eqgs. (10), then VH /vy ~18.

Eqgs. (10), found for moving sources with fixed
velocities, can be changed after integration over
the source momentum spectrum. To illustrate this,
let us neglect in eq. (9) the source radius and leave
only the cross-interference term (a=1). After this
one can integrate eqgs. (9) and (10) over the momen-
ta of the sources, which emit 7 -mesons with mo-

mentum - g We consider the interference between

2

two pions one of which is produced directly from
the interaction region and the second one is a reso-
nance decay product (and y,<<y, in (9)). We have
considered this model in/22/ discussing our prelimi-
nary results., A detailed study of such a model for
the m?-distribution only has been recently perfor-
med by Thomas/23%and Grassberger/24By averaging
(10) over the inclusive spectra of - and p°-mesons
in our reaction’/325 we obtain the following estima-

tes for the parameters: R = 1,3 fm, Ry = 2.9 fm,
T o= T ~ 2,4 fm/c. In this approximation it is pos-
sible Lo find for the slope B?of the m? -distribution
some result which is independent of the observa-
. . : 24/
tion direction (see also ref. )

2 vk 2

where y* and v* are the 7 -meson y-factor and
velocity in the resonance rest frame; I' is the reso-
nance width, For p-meson B is equal to ~ 3.3(fm/c).
In the case considered the dependence of the B-
parameter on the observation direction can be re-
lated to superposition of different resonance con-
tributions.
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From the above discussion it follows that our
data can be explained in the framework of the MSM
by peripheral movement of sources, They may be
resonances,  clusters or fireballs. Different values
of interference parameters in various reactions may
be connected with various dynamics of pion produc-
tion: directly from the interaction region (or from
the sources fixed in the c.m.s.) or from the decay
of moving sources: clusters, resonances or fireballs.

In order to make a choice between models with
fixed and moving sources, it is necessary to inves-
tisate the dependence of the interference effect not
only on the observation direction but also on the
pair velocity,

Let us summarize the main results of this paper.

1. The interference effect of identical pions pre-
dicted by Kopylov and Podgoretsky has been obser-
ved in inclusive pp-interactions at 22,4 GeV/c, The
interference was observed both on the AA-plot and
in the effective mass spectrum for identical pion
pairs,

2, The mean dimension and lifetime of the pion
generation region were determined from the AA -
plot analysis: <R> =(3.0+0.5)fm and <> =(3.1+1.6)fm/c.

3. From the AA-plot analysis some evidence has
been obtained for the opposite dependence of the
parameters R and 7 on the observation direction:
Ri = (1.7+0.4)fm, Ryj=(4.4+1.4)fm, 75=(3.1+1.6)fm/c,
|| = (1.4+0.5) fm/c, It is shown that these parameters
not only describe the space-time characteristics of
the interaction region but also can be connected
with the motion of pion sources.

We are deeply acknowledged to prematurely
deceased G, LL.Kopylov, who had initiated our inter-
ference effect studies for many useful discussions,
We are grateful to M.I,Podgoretsky for discussion
of our results and constructive remarks.
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