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BEC Introduction

_ _p2(p1,p2) p2(Q)
Re = 100000 = i@

Assuming particles produced incoherently
with spatial source density S(x),

R:(Q) =1+ A\|S(Q)[2

where S(Q)= [dx e S(x) — Fourier transform of S(x)
A=1 — A < 1 if production not completely incoherent

Assuming S(x) is a Gaussian with radius r =
Ry(Q) =1+ Ae @7
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Results from R, v/s = My,
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+/s dependence of r
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Mass dependence of r — BEC and FDC
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Transverse Mass dependence of r in LCMS

longitudinal side out
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m, feev) *
r decreases with m,
but not equally fast in all components
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The Ls Data

» ete” — hadrons at /s ~ M,

» about 36 - 10° like-sign pairs of well measured charged tracks from about
0.8 - 10° events

» about 0.5 - 10° 2-jet events — Durham y,, = 0.006
» about 0.3 - 108 > 2 jets, “3-jet events”
» use mixed events for reference sample, pg
corrected by MC (no BEC) for kinematics, resonances, etc.

MC

PO = P0" Wic
Po
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Results — ‘Classic’ Parametrizations

Ro=~-[1+AG]-(1+¢Q)

» Gaussian

G=exp (—(rQ)?
» Edgeworth expansion

G=exp (—(rQ)?

Gaussianif k =0x =0.71 +0.06
» symmetric Lévy

G=-exp(—|rQ|)

O<a<2

CL:

18 s o
A A

- ﬂ o i ﬁ

] AT oy ]

o= | ‘*HHHW
’ Q@Gev) )
Gauss [Edgew Lévy
10 10°% 10°%

Poor 2. Edgeworth and Lévy better than Gaussian, but poor.
Problem is the dip of R in the region 0.6 < Q < 1.5GeV
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The 7-model

T.Csorgd, W.Kittel, W.J.Metzger, T.Novak, Phys.Lett.B663(2008)214
T.Csorg6, J.Zimanyi, Nucl.Phys.A517(1990)588

» Assume avg. production point is related to momentum:
x"(p") = arp"
where for 2-jet events, a=1/

7 =\/F — 7 is the “longitudinal” proper time

and m = \/E2 — p2 is the “transverse” mass
» Let da(x* — x") be dist. of prod. points about their mean,

and H(r) the dist. of 7. Then the emission function is
S(x.p) = J;° drH(r)oa(x — arp)pi(p)
» |n the plane—wave approx. F.B.Yano, S.E.Koonin, Phys.Lett.B78(1978)556.

p2(p1,p2) = [ d*x1d*x2S(x1, p1)S(X2, p2) (1 + cos ([p1 — po] [x1 — X2]) )
» Assume da(x* — Xx"') is very narrow — a d-function. Then

Ro(pi, ps) = 1 +AReF/<a‘2C’2) F/(az,fg), H(w) = [ drH(7) exp(iwT)
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BEC in the 7-model

» Assume a Lévy distribution for H(7)
Since no particle production before the interaction,
H(7) is one-sided.
Characteristic function is
H(w) =exp[-3 (Aw])" (1 —isign(w)tan (F) ) +iwmn] , a#1

where

» « is the index of stability;

» 79 is the proper time of the onset of particle production;

» AT is a measure of the width of the distribution.

» Then, R, depends on Q, a;, a»

. T0Q%(ar + a) m\ (ATQ?\ " &) + a;
Re(Q,ar,a) = ’y{1+Acos [ertan (?) ( : .

-exp {* (ATZQ2> = Zaz}} (1+€Q)
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BEC in the 7-model

Ro(Q, ar, a) = /{1+)\cos[m+tan( )(ATTOZ) @]

o[- (25%) =]} (1+<Q)
Simplification:
effective radius, R, defined by R?* = (47) %
Particle production begins immediately, 7o = 0

» Then

v

v

Ro(Q) = [1 + \cos ((Rao)2 )exp (— (RQ)? )} C(1+¢Q)
where R2" = tan (-F) R?
Compare to sym. Lévy parametrization:
Re(Q) =7 1+ exp [-1rQ| *]] (1 + Q)
R describes the BEC peak
R. describes the anticorrelation dip
7-model: both anticorrelation and BEC are related to ‘width” A7 of H(7)

v

v

v
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2-jet Results on Simplified 7- model from L3 Z decay
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<] 0.00
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—0.04

EC? o
. 2-jet unlike sign %ijsgég’;gggo
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Resonances in anticorrelation region confuse things

But anticorrelation may be present in unlike sign
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Multiplicity/Jet dependence — OPAL

RQ(O) _ 7(1 + )\efozrz)“ +6Q+ 602) OPAL,Z.Phys.C72(1996)389
B o oPAL ] < | ‘OPAL | | o T ‘OPJAL‘ Ta
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A ves | + + E ol + + %’ f 1 o8 [ o }
08 t E or b
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AN with ng, AN, with Ny Anjet /= indep. of N,
r / with ng r/ with nig et indep. of ng,

Multiplicity dependence appears to be largely due to number of jets.
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Multiplicity/Jet dependence in 7-model

Use simplified 7-model, 7o = 0
to investigate multiplicity and jet dependence

To stabilize fits against large correlation of parameters o and R fix o = 0.44
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Multiplicity dependence in 7-model

Using simplified 7-model, o = 0.44, 7o = 0

11
10
fgovg b o @ @
& o@D
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N

R increases with multiplicity

ISMD p. 16

PRELIMINARY



Multiplicity dependence in 7-model

Using simplified 7-model, « = 0.44, 7o = 0

11

1.04

0.7+

0.6

R increases with multiplicity
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PRELIMINARY

R not constant

— R from fit is an average

But maybe not the average we want
To get R at avg. multiplicity of sample,
should weight pairs by 1/ Npairs in event
or calculate average multiplicity as

Zevents Nevent Npairs in event

Npairs

But the difference is small
So lignore it.



Multiplicity/Jet dependence in 7-model

Using simplified 7-model, « = 0.44, 7o = 0 PRELIMINARY

JADE urham

1.04 o 1.0+

fE\o.gf 5 od r ’E\Oﬂg’ ® o8
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0. 5. 15. 20. 0. 5. 10. 15. 20.

N %
» R increases with N, and with number of jets
whereas OPAL found ryjet approx. indep. of Ngp
» Increase of R with N, similar for 2- and 3-jet events
> HOWGVGI’, RS-jet =~ Ry
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Multiplicity/Jet dependence in 7-model
Using simplified 7-model, « = 0.44, 7o = 0
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10.
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> \ojet  Opposite of OPAL
A initially decreases with Ny,

then Ay and approx. constant

while \2.je; continues to decrease, but more slowly
whereas OPAL found Ay decreasing approx. linearly with N

20.



m, dependence in 7-model

Using simplified 7-model, « = 0.44, 7o = 0 PRELIMINARY

and cutting on p. = 0.5GeV (m, = 0.52 GeV)

10 . . . . . . 10 . . . . . .
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» R decreases with m, for all Ngy,
smallest when both particles at high p,
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m, dependence in 7-model

Using simplified 7-model, « = 0.44, 7o = 0

and cutting on p, = 0.5GeV (m, = 0.52 GeV)

PRELIMINARY
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ISMD p. 21

smallest when both particles at high p



On what do r, R, A\ depend?

» r, Rincrease with Ngp,

> r, Rincrease with Nits

» for fixed number of jets, R increases

with Ngp,
but r constant with N, (OPAL)

» r, R decrease with m;

Although my, Neh, Niets are related,
each contributes to the
increase/decrease of R

but only my, Nigs contribute to the
increase/decrease of r

A decreases with Neh, Niets
for
7-model, Gaussian (OPAL)

)\ decreases with m,

<mz> (GeV)

<Ng>

6 -5 4 3 -2 1 0
E [} 6005
E Entries 804574
i
[ o
e
WW‘*&
B H ‘ :
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Introduction — Correlations

. . Yoq(p1,...,
g-particle density pa(P1, ... Pg) = 7= dTog(pi,-..Pg) d‘gf{_dpqpq)
where o is inclusive cross section
Normalization: [ pi(p)dp = (n)
[ p2(p1,p2)dpidp2 = (n(n—1))

In terms of ‘factorial cumulants’, C p1(pP1)=Ci(p1)
p2(p1, p2)=Ci1(p1)Ci(p2) + Cx(p1, p2)
p3(P1, P2, P3))=C1(p1) Ci(p2) C1(ps)
“trivial” 3-particle correlations +23 perms C1(P1) C2(p2, p3)
“‘genuine” 3-particle correlations +C3(p1, P2, P3)

2-particle correlations Co = pa(p1,p2) — C1(p1)Ci(p2)

i i _ Pq _ Cq
Convenient to normalize R, = 07 () Ky = 7, o1 o)
— C. -
€9 Re=1+ Pw(Pw)?’w(Pz) =1+k
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Introduction — BEC

To study BEC, not other correlations,

replace []7; p1(pi) by po(pi. -, Pg),
the g-particle density if no BEC

Assuming incoherent particle production
and spatial source density S(x),

(reference sample) _ 2

e.g., 2-particle BEC are studied in Re(Q) =1 +1G(O)

terms 0;2([)1 po) = o(p1, p2) where G(Q) = [ dx €% S(x) is the Fourier
) po(P1, P2) transform of S(x)

Assuming S(x) is a Gaussian with radius
Since 2-m BEC onIy at small

mtegrate over other varlables
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Ry(Q) x 1+ Ae @~

Assumes

» incoherent average over source
\ tries to account for

» partial coherence
>

multiple (distinguishable) sources,
long-lived resonances
> pion purity
» spherical (radius ) Gaussian
density of particle emitters
seems unlikely in eTe™

annihilation — jets
» static source, i.e., no

t-dependence certainly wrong

Nevertheless, this Gaussian formula is
the most often used parametrization
And it works fairly well

But what do the values of A and
actually mean?

ISMD p. 26

When Gaussian parametrization does
not fit well,

» can expand about the Gaussian
(Edgeworth expansion).
Keeping only the lowest-order
non-Gaussian term,
exp (—Q?r?) becomes

exp (—GPr?) - {1 + %Hg(or)}

(Hs is third-order Hermite
polynomial)

» Assume source radius is a
symmetric Lévy distribution rather
than Gaussian exp (—Q?r?)
becomes

exp (—QPr*) ,0<a<?2

a is the Lévy index of stability



Experimental Problems |

. Pion purity

1.

ISMD p.27

mis-identified pions — K, p

— correct by MC. — But is it
correct?

resonances

- long-lived affect A

BEC peak narrower than
resolution

- short-lived, e.g., p, - affect r
— correct by MC. — But is it
correct?

. weak decays

~ 20% of Z decays are bb

like long-lived resonances,
decrease A\

» perZ:17.07%,2.3K*,1.0p

(15% non-)

Origin of 71 in Z decay (%)
(JETSET 7.4)
direct (string fragmentation) 16
decay (short-lived resonances) 62
> 6.7MeV, T < 30fm
(p, w, K*, A, )
decay (long-lived resonances) 22

< 6.7MeV, T > 30fm




Ex

perimental Problems |

Ro

[I. Reference Sample, pg

it does NOT exist

Common choices:

1.

N
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+, — pairs
But different resonances than +, 4
— correct by MC. — But is it correct?

Monte Carlo — But is it correct?
Mixed events — pair particles from

different events . .
But destroys all correlations, not just

BEC o
— correct by MC. — But is it correct?

. Mixed hemispheres (for 2-jet events)

— pair particle with particle reflected
from opposite hemisphere

But destroys all correlations

— correct by MC. — But is it correct?

Correlation function C

Correlation function C'

e OPAL Data

OPAL,Z.Phys.C72(1996)3
(@)

00 Monte Carlo JETSET 7.3

49




Experimental Problems I, IV
[ll. Final-State Interactions

1. Coulomb

- form not certain
(usually use Gamow factor)
overcorrects!

- for Ry, a few % in lowest Q bin

- double if 4, — ref. sample

- often neglected for R

- but not negligible for Rs

2. Strong interaction - S=0n7
phase shifts can be
incorporated together with
Coulomb into the formula for R»
Osada, Sano, Biyajima, Z.Phys. C72(1996)285)
tends to increase )\, decrease r
e.g., using OPAL data:
>\noFSI = 071, )\FSI =1.0
IhoFSI = 1.34, I'esy = 1.09fm
- Not used by experimental groups
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IV. Long-range correlations
inadequately treated in ref. sample:
Ro(Q) o (1+Ae @) (1+46Q)



3-jet Results on Slmpllfled T- model from Ls Z decay

18 L 18

Fi’2 tan( )R2 R free
x2/dof = 113/95 I |
16 - CL — 100/0

< 000 ﬁ v *‘,m by ﬂ#ﬁ ++$+++$++L+Hi + \Hh u{ \N !
] ++++* H***# TR T++ ww
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0 1 2 3

Q@ (GeV)
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ho anticarralatinnalen ‘ ‘ ‘ ‘
Is the-anticort erateb=a:so EC? : : ——

i i i a=.400+.000 i i i a=.405+.000
2-jet unlike sigh  3z:305:9% ] 2-jet unlike sign 548500
R, =.800+.000 R, =.688+.000
To=.000+.000 To=—.001£.000
16 A=.000£000 |L 16 - A=.630+.000 L

7=1.002+.001 7=.990+.000
6=-.003+.001 6=.001+.000

oma Hr } } } oma 7 } } } } } }
R — b H i
IO ALY WM WW o o M HM& |
I L T T A L L S A L
—0.04 . n##j'# ++++ . . . . . [ —0.04 ] . . . . . .
0 1 Q (Gzev) 3 4 0 1 Q (éev) 3 4

Resonances in anticorrelation region confuse things
But anticorrelation may be present in unlike sign
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|Sl_thr\ antinarralatinnialen ECl?
fReanticofreratoaiso ¢ o
H i H =.405+.000 i H H =.405+.000
] 2-jet unlike sign  gzasseses | 2-jet unlike sign 5455558
R,=.629+.017 R,=.688+.000
Te=.000+000 Te= - 001£.000
16 AZ.019£.001 |l 16 AT .630+.000
7=999+.001 7=.990+.000
6=.001+.000 6=.001+.000

oma # } I } ons +: I } I } I }
0.02 + : 0.02 * + H :
LT e ﬁ " o *w****Jz:#ﬁ?ﬁﬁﬂﬂﬂﬁ**:*iﬂﬁ%* HW
4 . + L
LA i s TG
(o] 1 Q (Gzev) 3 4 0 1 Q (éev) 4

If anticorrelation is present in unlike sign,
it requires the damping of the exp of the BEC peak
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Full =-model for 2-jet events —a=1/m,
Ro(Q, My, M) =~y {1 + A\cos [m +tan (5F) (ATZOZ) Mg+ ]

2(my my2) 2(my m2)

o[- (252) e |- (1+c0)

» Fit R>(Q) using
avg my, My in each Q bin,
my > M2

» 70 =0.00£0.02
sofixto O

0.8
0.02
<] 0.00 +

—0.02 4

—0.04
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Full 7-model for 2-jet events

» 7-model predicts dependence on m, Ro(Q, my, my2)
» Parameters a, Ar, 79 are independent of m,
» )\ (strength of BEC) can depend on m,

4
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» divide my-my plane in regions (equal
statistics)

> in each region fit R>(Q)
using avg my;, My in each Q bin
with «, A, fixed to values found for entire
plane and 7o = 0

3



Elongation?

» Previous results using fits of Gaussian or Edgeworth found (in LCMS)
Rside/RL ~ 0.64

» But we find that Gaussian and Edgeworth fit R>(Q) poorly

» 7-model predicts no elongation and fits the data well

» Could the elongation results be an artifact of an incorrect fit function?
or is the 7-model in need of modification?

» So, we modify ad hoc the 7-model description to allow elongation
» and find Rg4./RL = 0.61 + 0.02 — elongation is real
x'(p") = atp”
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OPAL

OPAL,Z.Phys.C72(1996)389

» Ref. sample is +, — pairs

different resonances than +, +
» Correction by MC insufficient
» Exclude ‘resonance regions’

Ro(Q) = v(1 + Ae=F7)(1 4+ 6Q + @?)
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Correlation function C

Correlation function C'

L = Excluded from fit |
n K=
‘

* OPAL Data (@) 1

0 Monte Carlo JETSET 7.3

= Data/ Monte Carlo (b)




Jets

Jets — JADE and Durham algorithms
» force event to have 3 jets:
» normally stop combining when all ‘distances’
between jets are > you
» instead, stop combining when there are only 3

jets left
> Yoz is the smallest ‘distance’ between any 2 of

the 3 jets
> Vo3 is value of y.,, where number of jets

changes from 2 to 3
define regions of y2, (Durham):
y2 < 0.002  narrow two-jet
0.002 < y& < 0.006 less narrow two-jet
0.006 < y» < 0.018 narrow three-jet
0.018 <y wide three-jet
and similarly for y3, (JADE): 0.009, 0.023, 0.056

or
yoy < 0.006  two-jet

0.006 < yh three-jet
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