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Introduction — Correlations
1 d9o4(p1,..-,Pq)

q-particle densiy Pq(P1;s s Pg) = 5= dp1 - dpe
whereo, is inclusivecrosssection R
Normalization: R pi(p)dp = hni
p2(p1,p2)dpidpe = Mm(n 1)
In terms of “factarial cumulants', C p1(p1) = Ci(p1)
p2(p1,p2) = Ci(p1)Ci(p2) + Ca(p1, p2)
p3(p1,p2,p3)) = B1(P1)C1(p2)C1(ps)
\trivial" 3-paticle correlations + 3 perms C1(01)C2(p2, p3)
\genuine" 3-paticle carelations + C3(p1,p2,p3)
2-paticle carelations Cy = pa(p1,p2)  Ci(p1)Ci(p2)
. . o b B c,
Convenientto normalize R, =29 T o) K, = nglm(pi)
_ Co _
€.g., fio =1+ p1(p1)p1(p2) — 1+ Ks
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Introduction — BEC
To study-BEC, not other carrelations,

replace ~ 7, p1(pi) by po(p1, ..., Dq)
the g¢-paticle densiy if no BEC

(referencesample)

Assumingincoherentparticle production
and spatial sourcedensiy S(x),

e.g., 2-paticle BEC are studied in Ry(Q) = 1+jG(Q)j*
terms of R
whereG(Q)= dx e'@7S(x) is the Fourier
_ p(p1,p2)
Ra(p1,p2) = ( ) transfam of S(z)
POLPL, P2 AssumingS(x) is a Gaussiarwith radius
Sincelg-vr BEC only atl§mall =) 022
R =1
Q = (p1 p2)?= M{,  4m2, 2(Q) e

Integrate over other variables
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R>(Q) x 1+ Ae— @7

Assumes

Incoherentaverageover source
)\ tries to accountfor

— partial coherence

— multiple (distinguishable)sources,

long-livedresonances
— pion purity

sphericalradius;’) Gaussiariensity

of particle emitters

seemaunlikely in ete annihilation
| Jets

static source,i.e., no t-dependence
certainlywrong

Neverthelessthis Gaussianformula is
the most often usedparametrization
And it works fairly well

But what do the valuesof \ and »
actually mean?

When Gaussianparametrization does
not t well, can expand about the
GaussianEdgeworth expansion).
Keepingonly the lowest-ader
non-Gaussianterm,

exp ( Q%?) becﬁ)mes

1 + Hg(Q’I“)

i
exp Q2r2

(H3 isthird-order Hermite polynomial)
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Experimental Problems I

l. Pion purity

1.

2.

mis-identi ed pions{ K, p

{ carectby MC.{ But isit carect?
resonances

- long-liveda ect \

BEC peak narrower than resolution
- shat-lived, e.g, p, - aect r

{ carectby MC.{ But isit carect?

. Weak decass

- 20% of Z decys are bb
like long-livedresonances,
decrease\

perZ: 17.0r , 2.3K , 1.0p

(15% non-r)
Origin of 7% in Z decy (%)
(JETSET 7.4)

direct (string fragmentation) 16
deca (shat-lived resonances) 62

I'>6.7MeV, T < 30fm

(p, w, K, A, ..)

deca (long-livedresonances) 22

['<6.7MeV, 7 > 30fm

W. J. Metzger — BEC in eTe

— WPCF, Kromé&Ffiz — 16 August 2005




Experimental Problems I

|l. Referencésample,pq
| it doesNOT exist
Commonchoices:

1. +, pairs
But di erent resonanceshan +, +
{ carectby MC. { But isit carect?

2. Monte Calo | Butisit corect?

3. Mixed events{ pair particles from

di erent events
But destrg/s all carelations, not

just BEC
{ carectby MC. { But isit corect?

4. Mixed hemispheregfor 2-jet events)
{ pair paticle with particle re ected
from opposite hemisphere
But destross all carrelations
{ carectby MC. { But isit corect?

Ro %

Correlation functi

Correlation function C¢
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1.

. Strong interaction - S

Experimental Problems
[11. Final-State Interactions

Coulomb

- form not certain

- for R,, a few % in lowest () bin
- doubleif 4+, ref. sample

- often neglectedfor R,

- but not negligiblefor R5

0 mm
phase shifts can be incaporated
together with Coulomb into the
formula for Rs
Osada, Sano, Biyajima, Z.Phys. C72(1996)285)
- tendsto increase\ anddecrease
e.g, OPAL data:

AnoFst = 0.71, Aggp = 1.0

TnoFSlI =— 1.34, TFS| = 1.09fm
- Not usedby experimentalgroups

-

&

1/G, (Q

1.08

I, 1v

(®) |

V. Long-rangecorreQIations:
RQ(Q) / (1 + Xe @

1 g
106 - @ | w106 o+ o+
[ i = T
Lo4f 1.04
F + _+
102~ TTT 1.02
1; /f 1 [

098] j'cij'[:$ 0.98 oot
0.9 B T S 096 05 1
Q, (GeV)

T T T T T T T T T T T T

K —— with FSI
——————— without FSI
! 1 1 1 L
0 0.5 1 15
Q [GeV/c]

)(1+0Q)

15
Q, (GeV)
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_Results from R,, /s = M7

1 |
1.1 4 A ALEPH B
. v~ DELPHI -
1.0 o L3 - -
] ¢  OPAL L
_ solid = corr. m purity B
0.9 | mixed ref. < {} .

+— ref.

0.8 =
} open = stat. error ‘v i
0.7 1 filled = tot. error -
< 0.6 i ¢ 3 ; | @ j
0.5 j § E =
0.4 1 & i X =
. 9> K .
0.3 @b Fed -
- Q%D -
0.2 1 =
0.1 H =

0.0 I | I | I | I | I | I | | | I | |
0.0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 11

r [fm]

{ carection for 7 purity increases\
{ mixedref. givessmaller\, » than + { ref.
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Vs de

pendence of r

1.0

0.8

r [fm]

0.4

:
§

0.0

COAD XX+ O

TPC
Mark—II
TASSO
AMY
ALEPH
DELPHI

L3

OPAL
mixed ref.
+— ref.

open = stat. error
filled = tot. error

%%

20.0

No evidencefor P

T
40.0

s dependence

| 60|.O
Vs [GeV]

T
80.0

100.(
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Mass dependence of »r — BEC and FDC

] | ] | ] | ] | ] | ]
. A ALEPH -
v~ DELPHI
1.0 o L3 B
& OPAL
| mixed ref. |
, +— ref.
0.8 o spin correl. i
open = stat. error
. filled = tot. error B
£ 06 - -
[ V' N
& i B
0.4 —
. F-
0.2 ZX\_
i &‘% i
0.0 T T T T T T T I T I T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Mass [GeV]
No evidencefor r  1/" m r(meson$ > r(baryons)
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A 07| ] I % i + ? ]
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A & with ng, A & with Tjet
r % with n, r % WIth nje

Multiplicity dependencas largely dueto number of jets.

R
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08 7\\\\
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® 2 jet events %
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050 s 20 25 30 3 40 45 50

)\n—jet
Tn-jet INAEP. Of N,

nCh

Indep. of ng,

W. J. Metzger — BEC in eTe — WPCF, Kromé¥iz — 16 August 2005

10



Elongation of the source

The usualparametrizationassumes symmetricGaussiarsource
But, thereis no reasonto expect this symmetryin ete ! qg.
Therefae, do a 3-dim. analysisin the Longitudinal Centerof Mass System

P, +P,
LCMS: 5

Boost each 7-pair along SN
thrust axis ’

thrust axis

PL1 = PL2
P + p» de nes “out' axis

Qside ? (QL; Qout)
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the LCMS

Advantagesof LCMS:

Q° = QI +Qie+ Qi (AE)

2 2 2 2 Pout 1 T Pout 2
= : 1 where
QL T Q5|de + Qout ( B ) B El + E2
Thus, the energydi erence,
and therefae the di erence in emissiontime of the pions
couplesonly to the out-component, Qqut.

Thus,
Q)1 and Q.4 re ect only spatial dimensionsof the source
(out Fe ects a mixture of spatialand temporal dimensions.

W. J. Metzger — BECineTe — WPCF, Krom&¥ — 16 August 2005

12



Parametrization of R,

Writing 72, in terms of G = (Qu, Quges Qoue):  R2(Q) = 22

po(Q)

We parametrize 2, (()) by a 3-dimensionalGaussian

Ro(QL, Qout; Qside) =7 (L +AG) B
where

~ = normalization( 1)

A = \incoherence", or strength of BE e ect

(- = azimuthallysymmetricGaussian:

G = exp 1Qf 712:Qx T24eQzde + 200 0ut" ToutQLQout

B=(140QL 4 cQout + £{Qside) descrileslarge ) (long-rangecarrelations)
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Elongation Results (L3)

parameter Gaussian Edgeveorth
0:41 0:0177%% 0:54 0:02799¢ PLoust = 0 S0 X to 0.
ro (fm) 0:74  0:02%; 0:69  0:02%;
M out (fM) 0:53  0:02%,7¢ 0:44  0:027%,72 Edgevorth t
[ side (fm) 0:59  0:017(7%3 0:56  0:027,7; signi cantly
[ out=T L 0:71 002+882 0:65 003+888 better than GaUSS|an
[ ge=T L 0:80 0:027%% 0:81  0:027% / 1
. .1 +0. Tside/ TL <
] { 0:5 0:179) o
N { 08 01 03 rglore thtz_;m 5 std. dev.
e { 01 01 03 ongation -
alongthrust axis
0:025 0:005001s | 0:036 0:007%)053
. . +0.034 . . +0.037
0:005 0:005 0012 0:011 0:005 o012 Models which assume
0:035 0:005%) 0% 0:022  0:006%) 050 .
: : a sphericalsourceare
*=DoF 2314/2189 2220/2186 too simple
C.L. (%) 3.1 30
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Elongation Results

Gausy 2-D 3-D
Edgevorth /T Tside/TL
delphi  mixed 2-jet Gauss | 0.62 0.02 0.05
aleph  mixed 2-jet Gauss | 0.61 0.01 0.??
+ { 2-jet Gauss | 0.91 0.02 0.??
mixed 2-jet | Edgeveorth | 0.68 0.01 0.??
+ { 2-jet | Edgevorth | 0.84 0.02 0.?7
opal +{ 2-jet| Gauss 0.82 0.02 93t
|3 mixed  all Gauss 0.80 0.02 393
mixed all | Edgeverth 0.81 0.02 P93
@
. . 2 1 OPAL:
20% elongationalongthrust axis Sl b y o |
(zeus nds similar resultsin ep) i b Elongation .Iarger
| for narrower jets

T E U B
0.02 0.04 0.06 0.08

Yeut
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37 BEC

SinceBEC at small )5 Q§ — M1223 9m72r = %2 + Q%;g + Q%3
P(Q:s) P(Q)
we use R = and Ry =
3(@s) po(Q3) > po(Q)
nongen X P10P2 X
R37E(Qs) = 1+ — 3 =1+ R2(Q12) 1
3 perm pO 3 perm
p p
Q3 Q3
- C3(Q3)
Rgenume — 1 i
3 (Q?)) pO(QZ’))

= 1+ R3(Q3) R3™(Q3)
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37 BEC

Assumingstatic sourcedensiy f(x) in space-time,
with Fouriertransfam G(Q)= dxz 9% f(z) = Ge'?,
Ro(Q)=1+NG(Q)* , =1

R3(Q3)=1+ [\ jG(Q12)j* + J'G<{@23)J'2 + jG(le)jz}

from 2-particle BEC

+ 220 <f G(Qua)G(@29)G (@199

from genuine 3-particle BEC

RE™™ =14 2215 <f G(Q12)G(Q23)G(Q13)9

) Rgenuine(Q?)) 1
8!
2 (R2(Q12) 1)(R2(Q23) 1)(R2(Q13) 1)
where w = COS(¢12 -+ ¢23 -+ ¢13)
L Réenume(Qg) 1
2 Ry(Q3) 1
Completelyincoherentparticle productionimplies X\ =1 w=1

W =

If f(x) is Gaussian

W. J. Metzger — BEC in eTe — WPCF, Kromé¥iz — 16 August 2005
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37 BEC

2| L3
16 mr—— 77T T 1.8:(3-) * data |
(c) i o MC, no BEC
1.4 | 1.6 i
N \ 2N — Gaussian fit
o 12 jL T MINy w=1in Eq. (7)
\ | | | | | | | ! .GE) 1 7 §+¢¢¢QOOO 09.0009.6860885
08 0204 06 08 1 12 14 16 18 22 08 Dot
Q [GeV] & 2| v
Ryl 1+ Mexp( Q%*r?) L8 |
- - - Gaussiany? = 60, 29 dof 16 |
2 I — Edgeworth fit
|{E(jgew orth x< = 26, 28 dof a1 wet in Eq. (7)
R:g))enume / 1 _|_ )\1.5 exp( Q2T2/2) 1.2 , |
- - - Gaussiany? = 30, 27 dof 1 W%%moo sgessssestesss?
[{Edgew orth x? = 18, 26 dof N
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Rgenuine(Qg) _1

. genuine 2\/R2(Q3)_1
Using 175 from data, R, from t
2.25 2.25
1 @) - (b)
27 2;
1.75 ;“ 1.75;

31'1"::;}“

MHH 32‘

|
0.75 | ‘ T 0.75

025 |

|

Gaussian 025? Edgeworth
00‘2‘ | ‘0‘4‘ | ‘016‘ | ‘0.8 00‘2‘ | ‘014‘ | ‘0‘6‘ |
Q, [GeV] Q, [GeV]

Conclusion:Data consistentwith w = 1,
l.e., with completelyincoherentpion production
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37 BEC

L3:

from Gaussian Edgeverth

Ry A | 045 0.06 0.03|0.72 0.08 0.03
RET™™® 0.47 0.07 0.03]0.75 0.10 0.03
Ry r 0.65 0.03 0.03 | 0.74 0.06 0.02
RE™™ | (fm) | 0.65 0.06 0.03 | 0.72 0.08 0.03

Valuesof )\, » from GaussianEdgevorth are di erent

T 2 | | -
Valuesof \, r from R, and RS are consistent

expt. A r

mark-i 1 | Ry 045 0.03 0.04 | 1.01 0.09 0.06

(29 Ge/) R3 0.54 0.06 0.05 | 0.90 0.06 0.06 Valuesof A\, T from

delphi | Ry | 0.35 0.04 02?042 0.04 0.??|ReandR; are
R%en”'ne 0.53 0.07 0.10 | 0.93 0.06 0.04

opal Ry 0.76 0.03 0.05
RE™™ 1079 0.0l 0.06
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BEC in String Models
Longitudinal BEC

Di erent string con gurations give

same nal state
Matrix elementto get a nal state

dependson area, A:

M =exp|(tk b/2)A]
wherex Is the string tension
and b is the deca constant

r 1G&//fm andb 0.3G&//fm
So, must sumall the amplitudes

But 3-r BEC incoherent ?7?

Usingb from tuning of jetset , predict

TransversaBEC BEC
Transversenomentumvia tunneling, including genuine3-paticle BEC
alsorelatedto b Ty < TL
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2-particle BEC 77" and wtn=™

Many measurement®f BEC with chaged«'s
but few with 7°'s

inete : L3, P.L. B524 (2002) 55 OPAL, P.L. B559 (2003) 131
Selection:
opal | 3
po>1.0Ge | E(r°) < 6.0 G&
2-jet, T"> 0.9 all events

Naivelyexpect sameBEC for 77 and = =

Hadronizationwith local charge conservation,
e.g., string, @ Rpo < R

But most «'s from resonance$ dilutesthis e ect.
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2-particle BEC

()]

OPAL

o Data after resonance subtraction

Monte Carlo without BEC

Data before resonance subtraction

05 bl 1

0 025 05 0.75 1 125 15 175 2

A=0.55 0.10 0.10
R=0.59 0.08 0.05

fm

0.9

0.8

1.3

0.8

and Tt

Data p%°
Fit
Normalization

¢/ ndof = 46.10/40
| =0.155+0.054
R = 0.309+0.074 fm

1.1

i o T TTTT | T [ ] ° [ ] |
L [ | | | | |
B |
Lo 1 | L

05 1 1.5 2

Q [GeV]
L3 . Data p*p* c¢? / ndof = 42.55/40

Fit
Normalization

| =0.286+0.008
R =0.459+0.010 fm
a = 0.015+0.003
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2-particle BEC

and Tt

Expt. 00 R (fm) A
opal +{  1.0075%  0.57 0.05
BEC from Z decys | 3 mix 0.65 0.04 0.45 0.07
Gaussiarparametrization | 3 31 mix 0.65 0.07 0.47 0.08
|3 £, < 6Ge&/ MC 0.46 0.01 0.29 0.03
|13 B, < 6Ge&/ MC 0.31 0.10 0.16 0.09
opal F,>1,2-jet MC 0.59 0.09 0.55 0.14
|3: Rgg < R and \opp < A, both 1.50
aleph , delphi nd R (mix)/R (+ ) 0.68,0.51
Applyingthisto opal R , opal Rpy R andXypy A
| 3 andopal 770 resultsdisagreeby 20
R (allm)> Rk (<6Ge/), A (aln) >\ (<6Ge)

f‘z()()(E'7T > 1) > Roo(a”),
| 3-opal

)\Oo(Eﬂ- > 1) > )\(a”)

opal : MC shaws that few of selectedr"'s are direct from string

W. J. Metzger — 7979 BEC — WPCF, Krom&iiz — 16 August 2005
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Another source of qg: W
ete ! WTW | qolv

21 If independentdeca of WHW
1.8 L3 = pT(p1,p2) 1,2fromWT
| It : : + P (p17p2) 172fr0mW
1.6 |f semi-hadronic + pT(p)p (p2) 1fromW™, 2 fromW
N [ + pt(p2)p (p1) 1fromW | 2 from W+
o L4 Assumingp™ = p = pog, W sepaation  0.7fm
1.2 = 2p2(P1,P2) + 2p2q(P1) p2q(P2)
1 Inter-W BEC =) W decass not independent
; = this relation does not hold.
I R R Measure
0.8 0.5 1
Q [GeV] from

BE(W) = BE(Z! light quaks)  P2(p1.p2) from efe I WFTW I qqglv

P2q(P1)p2q(p2) from prix(p1, p2) obtainedby mixing
¢(tvag and qgf v events
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W*W — qoqq

Compae to expectation of BE3s modelin

Measureviolation of pythia

. _ LEP summer 2005
paq((2) = 2p2q(Q) + 2pmix(Q) > ALEPHD  -0.05:0.22
el ALEPH Dr’ -0.18+0.35
by e ALEPHR™  -0.23+0.41
—> —— ["’'DELPHId, 0.51%0.24
AP(Q) — /04q(Q) [2,02q (p17p2) + 2pmix<p17p2)] _> : tg Br gggigié
D ( Q) _ ,04q(Q) —> 1—e— | OPAL D  0.33x0.45
2p2OI(Q) + 2pmix(Q) - ggﬁt Br %.?ffdig
—e— OPALd  -0.13+0.56

Q) = Ap(Q) c®/dof = 3.5/3
20mx(@) 1 ~> |LEPO.17+0.13

fraction of model seen

01(Q) measuregyenuineinter-W BEC delphi : 0.51 0.24 20
average:0.17 0.13 lo
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delphi resultsare nal

12 m

0.8

0.6

0.4

0.2

-0.2

i a)
[ + Data

1 1 mcBE-An

E’ ' MC BE-NO Inter-W
& " Datafit

:j """ BE-AIl fit

\\\‘\\\‘\\\‘\\\‘\\\‘\\
02 04 06 08 1

N T T R R
1.2 14 16 18 2

QO [GeV]

But conclusionsare tricky: Alsoe ect in (+,

1.2 |

0.8
0.6
0.4
0.2

-0.2

)

L

&K

b)

o

1 | 1 1 [ 1 1 [
02 04 06 08 1

1 I I [ [
1.2 14 16 18 2

Q [GeV]
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Summary

Compaison betweenexperimentsis di cult.

referencesamples
MC corections

No evidencefor P s dependenceof r
Multiplicity dependencas largely dueto number of jets.

r(meson$ > r(baryons) | no evidencefor r 1/p m

20% elongationalongthrust axis | consistentwith string model
genuine3-r BEC, consistentwith 2-7 BEC
consistentwith completeincoherence | Inconsistentwith string model?

Rogo< R 7?7
BECissamein W! qgjandZ! g

In WTW | ggqq, inter-W BEC is lessthan BEC within a singleW
but how much? s-dependent?  experimentalacceptancedependent?
BEC model (BE3») is inadequate
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