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The effect of the multi-pion correlations on two pion interferometry in a multi-pion event
is studied. A new general two-pion interferometry method is developed, taking into
consideration the effect of the multi-pion correlations. The data for 1.8 A GeV Ar + Pb
central collisions at the Bevalac streamer chamber are analyzed using this new method.

1. INTRODUCTION

Pion interferometry is a very valuable way of studying the space-time structure, including the
time evolution, of a pion-emitting source in relativistic heavy ion collisions [1,2]. Two-pion
interferometry investigates only the two-body correlation between identical pions in a collision event.
Since the multiplicity of identical pions is usually greater than 2 in an event, there are many kinds of

- multi-pion correlations with various orders among the identical pions. How do these multi-pion

correlations affect the results of two-pion interferometry analyses? What kind of relation exists
between the effect of multi-pion correlations and the properties of a pion-emitting source? How can

Supported by the National Science Foundation of China and the United States Department of
Energy.

Received on March 6, 1990



282 High Energy Physics and Nuclear Physics

2.4
z
g g
= =
Q Q
& Z 1.
= ju]
£ fxo
z z
S S
= =
< <
& &
0.4 41
S- (a 8" ®
! ! ! ! ! L1 t i i . . : : . : .
'0 ‘ 100 200 300 400 500 0 100 200 300 400 500
7(MeV/<) [ q(Mev/e)
(@) T =30 MeV, R = 3 fm. ®)T = 50 MeV,R =5 fm.

Fig.1
Comparison of the fitted curves corresponding to the ideal
background and the multi-pion correlated background for
three-negative-pion event generated by Monte Carlo.

A and solid line are for the muiti-pi correlated background
¢ and dotted line are for the multi-pi ideal background

the effect of multi-pion correlations be excluded from two-pion interferometry analyses? These are
very important problems in pion interferometry [3--6]. On the other hand, because of the complexity
of the relativistic heavy ion collisions, many effects can influence the interpretation of the pion
interferometry results. Therefore, by comparing and analyzing the results obtained from different
pion interferometry methods, we can test the assumption that the enhancement of the correlation
function in the low relative momentum region comes solely from Bose-Einstein correlations of
identical pions, and verify the adequacy of the phenomenological Gaussian model used to describe
the pion-emitting source in relativistic heavy ion collisions [3,4,6]. In Sec.2 of this paper, the multi-
pion correlation functions in multi-pion events are discussed, and the effect of multi-pion correlations
on the two-pion correlation function in a multi-pion event is studied on the basis of the modified
Gaussian model [3]. In Sec.3, the effect of the multi-pion correlations on two-pion interferometry in
three-negative-pion and four-negative-pion events generated by Monte Carlo are analyzed; a general
two-pion interferometry method that allows for the effect of multi-pion correlations is proposed, and
using this method, the data for 1.8 A GeV Ar + Pb central collisions at the Bevalac streamer
chamber are analyzed. Finally, the conclusions are given in Sec.4.

2. MULTI-PION CORRELATIONS AND THE TWO-PION CORRELATION FUNCTION

2.1 Multi-pion Correlation Functions in Multi-pion Events
Assuming that the multiplicity of negative pions in an event is 7, the n-pion correlation function
in the event can be defined as

c-(ﬁu i’.zs‘ "’ﬁu) = P.(in 52"“’ﬁu)/[P(él)P(ﬁl)'”P(ﬁn)]o (1)
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Table 1
Results of two-pion interferometry analyses for
multi-negative-pion events generated by Monte Carlo

T-parameters of
pion surface Analyzed type Fitted results
T=30MeV R=253%0.02fm
@)
R=3fm A=1.21£0.01
R=3.03£0.02fm
A=g=1 ®)
thrcc-ncgative- l = 0.97i001
pionicvent (=) T=50MeV R=4.68+0.08fm
@)
R=5fm A=0.98+0.08fm
R=5.03+0.08fm
A=g=1 ) :
. 2=0.98+0.03
T=30MeV R=2.22+0.03fm
@
R=3fm A=1.55+0.01
R=2.96+0.02fm
A= E =1 (b) :
four-negative-pion : 4=0.99+0.01
syent; (fr=s) T=50MeV R=4.31£0.08fm
@)
R=5fm A =0.90+0.03
R=4.95+0.09fm
A==l ®)
A=0.90+0.03

where P,(p,, Dy, ,D,) is the probability of observing 7 negative pions of momenta p,, p,, .7, in the
event, and P(p,) is the single-negative-pion-inclusive distribution.

Assuming that the probability of observing 7 negative pions of momenta D1s D3 D,y inl @ 1~
negative-pion event (2< m < n)is P, /,(51, D *D,), the m-pion correlation function in the event
is defined as

Cn/-(ﬁla 1-7.2, R} iu) - Pulu(.b.!’ 51’ Ct I-’.m)/[P(il)PC?.I)
) "’P(im)]a (ZQM<H): (2)

where Pm/n(-p.b -p.b '"aEm) is related to Pn(—p.ly -p.b "',En) by

Y - - 3
Piai(Bis Fan e B = [ : -jdﬁ,+,- A B P A Gy Bis s B0 ®)

From Eq.(1)--Eq.(3), C,,/,(B,, s ~,D,,) can be written as
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The fitted two-pion correlation function corrected for
hxgher order pion correlations for 1.8 A GeV Ar + Pb,
- integrated over g,

Culu(ﬁl’ i’.z’.' ° %y iu) = Cu(i’.n I-’.z’ & 8 %y .Z’.u)au—n(il’ fz’ e 9ﬁm)s (4)
CamnBis Brrv++sBa) = [+ [dBas - dBuLCL (R By o )
. P(iuﬁ'l)'"P(P.-)/Cu(FH?.Z,""inl)]. (5)

Hcrc C,,,(pl, Dy =D, is the m-pion correlation function in a 7-negative-pion event, and C,_,,(7;,
D, D) TEPrEsents the difference between the m-pion correlation functions in the - neganve plOD
event and in the n-negative-pion event. When considering the correlation of 7 negative pions in a
n-negative-pion event, if we neglect the correlations included the other negative pions, we have

Cu/n(ﬁl’ fzs . "iu) = Cm(ﬁls i’.u Tty iu)’
En--(ﬁn i’.zs e "I-’.u) -1,

2.2 The Effect of Multi-pion Correlations on the Two-pion Correlation Function
From Eq.(2) and Eq.(4), the two-pion correlation function in a 7-negative-pion event can be
written as

Caya(Prs 72) = Pua(P1s 52)/[P(F)P(3)] = C:(31s $:)Cai(Bis 7)) (6)

where C,(P,, D,) the two-pion correlation function in a two-negative-pion event, and C,_,(7;, 7,) is
the effect of multi-pion correlations on the two-pion correlation function. For the modified Gaussian
model, from Eq.(5), and with the graphical method [3,4], we can obtain the expressions for the effects
of multi-pion correlations on the two-pion correlation functions in three-negative-pion and four-
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negative-pion events:

E:-:(q, qo) -1+ {Zlh(q: qo) == 2§11(49 %) CXP(—qu2/4

7
— G DY gy a1, @
54-2(4, 7) ~ 1 + {42I,(q, q) + A11(q, go)[1 + dexp(— 7*R*[2 — gir?/2)]

+ 451:(g, g0) exp(— ¢*R*/4 — g [4)}/ [ 1o(qs g0)1. ©)

Here, g and g, are the values of the relative momentum and energy of the considered negative pion
pair; R and 7 are the space and time parameters of the pion source described by the Gaussian model;
A and ¢ are the coherence factors for two-pion correlations and three-pion correlations, respectively.
oGgs g0 = [1 + Ao (= 'RY/2 — gir/2)]| | a2 D[ a2 P ()
g’ . i ©)
H0UE =1 — 8 E@ — E@) — a0 |

1Gas 90 = [ 4P @[ 43 P@)oC1z — 7] — 920(1 E D)

—E@)| — 0 [ a5P (3l exo(— |5 — 51R/2
— [E@) — E@)|**/2)],
s 90 = [ 422@ [ dF P17 — 7] — )aCI EG

(10)

— E@)| — q0) jdﬁP(;ﬁ) jdﬁ'p(;’)[exp(_'_' |5
—PIR[2— | E(F) — E(F) |4/ 2)1,

| (1
1as 0 = [ 4z @) [agP@20C1E — 7] — )0 5

— E@)| = a) | 43P el — (|§ — 51"

+ |§ — FIDRY4 = (|EG@) — EG)|* + | E@)
— E(3)|%)1?/4]}. (12)

In Eq.(7) and Eq.(8), the A/, (q, ¢,) terms reflect the average effects on the two-pion correlation
functions of the two pion correlations between one pion of the considered negative pion pair and one
other negative pion; the AI’,(g, ¢,) term reflects the average effect on the two-pion correlation
function of the two pion correlation, which excludes the negative pions of the considered negative
pion pair; the 2¢7,(g, q,)exp(~-q2R2/4-g>r2 /4) terms represent the average effects on the two-pion
correlation functions of the pure triplet correlations among the two pions of the considered negative
pion pair combined with one other pion; and the A2/ “1(9, 90)exp(-g2R2 /2-q212 /2) terms reflect the
average effect on the two-pion correlation function of the correlations between the considered
negative pion pair and other possible pion pairs from the remaining pions. In Eq.(8), the smaller
terms corresponding to the pure quadruplet correlation of four negative pions, and the pure triplet
correlations and the two pion-pair correlations which exclude the considered negative pion pair, are
neglected.

We assume that the single-negative-pion-inclusive distribution has the form
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P(p)ocexp[— E(F)/T]s (13)

where T is the temperature of the pion source. In the non-relativistic approximation, integrating /,(¢,
4o)> 1'1(4, o), and I,(q, q,) over (g, q,), we have

1153‘ dg S dgol (g5 q0) = 5 dgq 5 dqo13(q> g0)
~ 1/(1 + 2R*m,T)*?,
1= dg [ dautsCas ) = 1/CL + 2RmaT + 3R'mET*/ 4",

(14)

(15

where m, is the mass of a pion, and the parameter 7 was taken to be zero for simplicity.

Eq.(14) and Eq.(15) indicate that /, and /, increase when T and R decrease. This effect is caused
by the contraction of the phase space when T decreases, and the increased coherence effects when
R decreases. In either of these situations, the correlations among the identical pions are enhanced.
ForT =30 MeV,R = 3fmand T = 50 MeV, R = 5 fm, it can be calculated that /, ~0.199, /, ~
0.144 and 7, = 0.032, I, ~ 0.008 respectively.

For a n-negative-pion event, if only the two-pion correlations, the pure triplet correlations and the
two-pion-pair correlations included the investigated negative pion pair are taken ‘into account, we
have

Ca-2(g5 q0) =~ 1 + {2n,21,(g5 90) + mdli(g; ¢)[1 + Aexp(— ¢*R*/2
a— qng/Z)] + Zﬂlgll(q, qo)exp(_ q1R2/4
— gir?[4)}/ [ 1:(g5 g0) 1. (16)

where
n,=n-2, n,=(n-2)(n-3)/2, (n > 2) 17)
3. TWO-PION INTERFEROMETRY ANALYSES FOR MULTI-PION EVENTS-

It is well known that the form of the two-pion correlation function

C.(gs q0) = 1 + Lexp(— ¢*R*/2 — ¢i7*/2), (18)

is derived from the symmetric wave function of a two-identical-pion system, on the assumption of a
Gaussian source distribution. It does not include the effect of multi-pion correlations. Therefore, it
is only valid for a two-negative-pion event [3], or when the effect of multi-pion correlations can be
neglected for amulti-negative-pion event. In carrying out two-pion interferometry for multi-negative-
pion events, the correlation function is obtained from the ratios of the correlated negative-pion-
numbers COR(g, g,) to the uncorrelated negative-pion-pair-numbers UNCOR(g, ¢,) (background)
in the given regions around (g, gq,), that is

C(q, qo) = "COR(E’ qo)/UNCOR(q, 'OR

where « is a normalization factor. Since the pions of each correlated pion pair are selected from the
same multi-negative-pion event, the multi-pion correlations will certainly affect COR(g, g,)-
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Table 2
The fitted pion source parameters for 1.8 A GeV Ar+ Pb
R(fm) - A
Two-pion interferometry

results corrected for 5.72+0.36 1.08£0.15
multi-pion correlation .

Previous two-pion 001
interferometry results SO304S 099 =024

Previous three-pin 0,02
interferometry results i 098 —025

Therefore, the two-pion correlation function can be correctly fitted in the form of Eq.(18) only if the
effect of multi-pion correlations is also included in the background. Otherwise, the fitted results
will be distorted by the effect of multi-pion correlations. Based on.the discussion in Sec.2, the effect
of multi-pion correlations on the two-pion correlation function in a multi-negative-pion event, which
isrepresented by a factor C,_,(¢,4,), can be included in weighted background and excluded from the
fitted two-pion correlation function in the form of Eq.(18).

The results of our two-pion interferometry analyses for the three-negative-pion and four-
negative-pion events generated by Monte Carlo with different pion source parameters 7" and R are
given in Table 1. The correlated pion-pair-number for each type of Monte Carlo calculation is
500,000. In Table 1, the results labelled type (a) are for the ideal background which is constructed
by the pions generated directly from the distribution of Eq.(13). In this background, there is no effect
of remaining correlations from multi-pion interference, which exists in the background constructed
by selecting uncorrelated pions from different events with the same 7~ multiplicity [3,7]. In Table 1,
the results labelled type (b) are for the multi-pion correlated background which is constructed by
weighing the effect of multi-pion correlations in the ideal background. Fig.1 shows the comparison
of the fitted curves corresponding to the two backgrounds for three-negative-pion events generated
by Monte Carlo. The results for the Monte Carlo events indicate that the multi-pion correlations can
directly affect the results of two-pion interferometry analysis for multi-negative-pion events. It makes
the fitted result for R decrease and distorts the fitted result for A. This effect is important for the
cases in which the pion source has lower temperature and a smaller radius.

When carrying out two-pion interferometry analyses while taking into consideration the effect
of multi-pion correlations, the temperature value 7" needed in generating the ideal background can
be determined by fitting the single-negative-pion-inclusive distribution given by the experiment. It
was indicated by Monte Carlo simulations that the tail of the fitted correlation function will slope up
or down when T is smaller or greater than the real value of the temperature. If this is the case, the
fitted results for the pion source parameters will be distorted. In weighing the background to
incorporate the multi-pion interference effect, two independent parameters R, and ), are required.
They can be determined by an iterative calculation, starting with the results corresponding to the
ideal background. For three-negative-pion and four-negative-pion events generated by Monte Carlo
with the pion source parameters T = 30 MeV, R = 3 fm, and A = 1 (500,000 pion pairs), the
differences AR and A) between fitted results and the real pion source parameters are less than 0.05
fm and 0.04 respectively, after two iterations. Since the real physical value of A can not be greater
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than 1, this condition was imposed during the iterative calculation.

Using the above method, the data for 1.8 A GeV Ar + Pb central collisions [2] at the Bevalac
streamer chamber are analysed. In order to remove the effect of electron contamination of the 7~
sample [2], a momentum cut p,,, > 100 MeV/c has been imposed [2,4]. With this condition, there
are 3500 events with negative pion multiplicity M, > 2, and the average observed 7~ multiplicity is
< M,_> = 9.0. In this analysis, the correlated negative pion pairs include all the possible negative
pion pairs within each event (the total correlated negative-pion-pair-number is 98,520), and the
background is the multi-pion correlated background generated by Monte Carlo. The temperature
T is taken to be 70 MeV, and is determined by fitting the experimental single-negative-pion-inclusive
distribution. Based on the results of two iterations with the ideal background, the two independent
parameters R, and )\, are taken to be 5.38 fm and 0.99 respectively. The uncorrelated negative-pion-
pair-number before weighing is taken to be 30 times of the correlated negative-pion-pair-number for
each multiplicity, then the weighing factor for each multiplicity is added. Table 2 provides our fitted
results and the previous results of two-pion and three-pion interferometry analyses [4]. It can be seen
that the fitted results are consistent with the values of R, and ), within statistical errors, which
indicates that the iterative results for R and A have converged, and that the selection of the
temperature T in this analysis is also appropriate. From Table 2, it also can be seen that within the
experimental accuracy, all the results obtained from different pion interferometry methods are
consistent with each other. Fig.2 shows our fitted curve integrated over g,.

4. CONCLUSIONS

In a multi-negative-pion event, the multi-pion correlations can affect the results of two-pion
interferometry analysis. In particular, this effect becomes more significant for a pion source with
lower temperature and smaller radius. The method proposed in this paper is a general two-pion
interferometry method. In this method, the main effect of multi-pion correlations on the two-pion
correlation function can be factored out in the background, and removed from the two-pion
interferometryresultsthrough aniterative calculation. For the three-negative-pion and four-negative-
pion events generated from the pion source with lower temperature and smaller radius (7" = 30
MeV, R = 3 fm) by Monte Carlo simulations, the analyses point out that the effects of multi-pion
correlations can be almost completely excluded after just a few iterations. Using the method to
analyse the data for 1.8 A GeV Ar + Pb central collisions at the Bevalac streamer chamber, we
obtain fitted results for pion source parameters that are consistent with the previous results of two-
pion and three-pion interferometry analyses. This indicates, for pion sources with higher temperature
and greater radii (T ~ 70 MeV, R ~ 5.6 fm), although the average negative pion multiplicity is quite
high ( <M,~-> ~ 9.0), the level of distortion introduced by the previous methods can be neglected
within present statistical error. Moreover, it is indicated that the enhancement of the two-pion
correlation function in the low relative momentum region comes solely from the Bose-Einstein
correlation between two identical pions, and the Gaussian model is a self-consistent
phenomenological model which describes the pion-emitting source in relativistic heavy ion collisions
at the present level of experimental accuracy.
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