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Outline

1. Old stuff — Eur. Phys. J. C (2011) 71:1648

25 pages — quickly summarize

2. New stuff
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BEC Introduction

_ papipe)  _ p2(Q)
Ro = 0000 = (@

Assuming particles produced incoherently
with spatial source density S(x),
Re(Q) =1+ NS(Q)P

where S(Q) = [dx @ 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 =

Ro(Q) =1+ Xe &
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The L3 Data

e ete™ — hadrons at /s ~ My

« about 36 - 10° like-sign pairs of well measured charged
tracks from about 0.8 - 108 events

e about 0.5 - 108 2-jet events — Durham y., = 0.006
e about 0.3 - 108 > 2 jets, “3-jet events”
e use mixed events for reference sample, po

D.4



n.5

Introduction The tau-model Elongation? New Stuff
(e]e} (e]e} [e] (o]e}

o [e]o]e} 000000
[e]e] o]

Results — ‘Classic’ Parametrizations
R2:7[1+AG](1+EQ) Ls‘ "

 Gaussian ey |
G =exp (—(rQ)?)
e Edgeworth expansion
G =exp (—(rQ)?)
-[1+ 4 Hs(rQ)]
Gaussianif « =0

k=0.71+0.06
e symmetric Lévy a ow]
G=exp(-[rQ|") B
0<a<?2 ’ b eden

Gauss Edgew Levy
CL: 107 105 1078
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.Csorgd, J.Zimanyi, Nucl.Phys.A517(1990)588

e Assume avg. production point is related to momentum:
x'(p") = arp*
where for 2-jet events, a=1/
7=/ — P is the “longitudinal’ proper time
and m, = \/E? — p2 is the “transverse” mass

o Let oa(x* — x*) be dist. of prod. points about their mean,

and H(7) the dist. of 7. Then the emission function is

S(x.p) = [y~ drH(m)oa(x — atp)pi(p)

e Inthe plane-wave approx. F.B.Yano, S.E.Koonin, Phys.Lett.B78(1978)556.
p2(p1,p2) = [ d*x1d*%2S(x1, p1)S(X2, P2) (1 + cos ([p1 — p2] [x1 — X2]) )
e Assume da(x — arp) is very narrow — a -function. Then
Ro(pr.ps) =1+ AReH (a1202) A (a2202) . H(w) = [ drH(r)exp(iwr)




D.7

The tau-model
oe

BEC in the 7-model

e 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 [—% (Atlw]) (1 —isign(w)tan (5F)) +iwn) , a#1
where

e « is the index of stability;
e 79 is the proper time of the onset of particle production;
e A7 is a measure of the width of the distribution.

e Then, A, depends on Q, a4, a
Ro(Q, ar,a) =~ {1 + Acos [w +tan (4F) (ATTOZ) @}
op [~ (55F) 252} (1+cQ)
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BEC in the 7-model

R(Q, a1, a) Z’Y{1 + \cos [M +tan (4F) (ATZCF) @}
-exp {_ (ATZQ ) a Zaz]}‘“ +cQ)

Simplification:
o effective radius, R, defined by R?* = (47) & %
» Particle production begins immediately, 7o = 0

o Then
=7 [1+2cos ((R.QP") exp (~ (RQP")| - (1+ Q)

where Ff2 = tan (:F) R?
Compare to sym. Lévy parametrization:
Fe(Q) =7 1+ exp [<1rQ| ]| (1+ Q)
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2-jet Results on Simplified 7-model from L3 Z decay

R, free

18

1 R2

a

=tan () R?
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3-jet Results on Simplified 7-model from L3 Z decay

R, free | | B2 =tan (-f) R?
wl  \2/dof = 113/95
] CL=10%

p.10
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Full 7-model for 2-jet events —a=1/m;
Ro(Q, myy, mp) = 7{1 + A\ cos {m +1tan (5F) (ATZCF) 2&;;3 }

2(myme)

T e[ (852) ]} (1+cQ)

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

e 70 =0.004+0.02
sofixto O

o x2/dof = 90/95
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Full 7-model for 2-jet events

o 7-model predicts dependence on my, Ro(Q, mg, myp)
e Parameters a, A, 19 are independent of m;
e ) (strength of BEC) can depend on m

4 e divide m-m plane in regions
(equal statistics)

3 e in each region fit A>(Q)
using avg m, My in each Q bin
5 with o, AT, fixed to values found
Mo for entire plane and 5 = 0
1

T .2 3  4GeV

pD.12
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Elongation?

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

But we find that Gaussian and Edgeworth fit Ro( 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 T-model description to allow
elongation (more on this later)

and find Rgq4./RL = 0.61 £ 0.02 — elongation is real

a
x"(p*) = arpt, a=1/m; for 2-jet
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Outline

New stuff — very preliminary

Are BEC sensitive to jet structure?

New Stuff
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New Stuff
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Jets

mkhists 06 detedd st
25000 |-

Jets — Durham algorithm

Yog3 is value of y.,, where number
of jets changes from 2 to 3

20000 [

15000 |-

10000 -

force event to have 3 jets
define regions of yo3:

. .
-3 -25 -2 -15 -1 -08
log10(y23) Durham

yo3 < 0.002 narrow two-jet or
0.002 < yo3 < 0.006 less narrow two-jet yo3 < 0.006 two-jet
0.006 < y»3 < 0.018 narrow three-jet 0.006 < y23 three-jet
0.018 < yo3 wide three-jet

To stabilize fits against large correlation of «, R, fix « = 0.443
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Jets

L3 preliminary

New Stuff
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T v OPAL: ZPhys. C72 (1996) 389
Sy frys, B2 (1998
O 0.006<y,,<0.018 “i 105
0o Y0018V = + + +
D : t
g \ ¢ ¢ ?
) . o $
R 4> 09 [ 1 +-4 jet
0.8+ + o TJj:l
0% ®2jet
on ‘ ‘ ‘ ‘ Yeu
0. 1 2. 3. 4. 5.

Yqs selection

¢ Rincreases as number of jets increases
e or as jets become more separated

D.16
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Jets - Elongation

Results in LCMS frame:  Longitudinal = Thrust axis

RL/Rside
L3 1.25+£0.03%33%
OPAL 1.19+£0.037558

(zeEUS finds similar results in ep)
~25% elongation along thrust axis

H
&
i
—
)

M /Ttsde
e
5
;

B

’*+++++ inclus've:

OPAL: !

I
~

IS
B
o]

Elongation larger for narrower jets 7Y SOOI
Yeut (Durham)
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LCMS and the Simplified =-model

Consider 2 frames:

1. LCMS: Q® = Qf + Qi + Qo — (AE)?
= QF o+ Qe+ Qo (1-57) . 0 = Prpien
2' LCMS_reSt: 02 02 + Qﬂde + qout ’ qgut = qut (1 - 62)

Qout 1S Quu boosted (3) along out direction to rest frame of pair

In simplified 7-model, replace R?Q? by
1. A= RZ QZ +AR s1de C2s1de + poutogut
2. B?= Rz Qz + 51deo ide T routqout

Thenin 7- model for case 1:

. _ 2 a2
Fo(Qt, Quce, Qo) = [1 1 \cos <tan (55) A ) exp (A )}
: (1 + 6LC)L + Eside Qside + €out Qout)

and comparable expression for case 2, Ro( Q. , Qside, Qour)
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L3 preliminary
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Jets - Elongation

Elongation?

¥
. tyy ¢
~ o
g &
= * o
a y k]
o ¢ + !
08 05
o al y. ST
05
o 0.008<y=<0.018 ©  0006<y.<0018
v 00l8<ym LCMS, LOMS—rest LCMS, LOMS—rest v_0018<yy
a7 04
o 1 2 3. 4 5 o L 2. 3. 4 5.
1Yqq selection Yog Selection
s 14
o all yg Leus LCMS-rest
0.008<y <0018 «*‘ %
v ooty
o7 = 13
= a
5 [} &
N N
3 El
3
U &
a6 12
o al y,
°  0.008<y2<0018
v 001B<y,
s 1
o 1 4 5. o 1 a 4 5.

yz3 selectlon

narrow 2-jet limit:
wide 3-jet limit:

yzs selection

With increasing y»3, RL, pou &~ CcOnstant,

R51de =~ RL/2 Fout =~ 1.1 RL

Rsige =~ AL

fout = 14HL

New Stuff

(o]e}

00e000
o]

Note:
Rside < RL
Fout > RL
Not
azimuthally
symmetric
not even
for narrow
2-jet
trigger
bias??

Rside, four iNCrease
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¢ major-out

L3 preliminary
AR 7 S

al
In .
¥,,<0.002

e event plane = (thrust,major) oo
0.006<y,,<0.018

e out direction tends to be in os b 00169
the event plane out ~ in

e side direction tends to be out
of the plane side ~ out

e this tendency increases with
Y23

e suggests that lack of
azimuthal symmetry is due to
difference in fragmentation in
and out of the event plane

I I I I I I I I I
1 08 -06 04 02 0 02 04 06 08 1
@t (out-major)
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in/out of event plane

use only tracks with  ¢(trk-major) < 45° in plane
o(trk-major) > 45° out of plane

1.0 —
® all  yg
©  0.006<Y,,<0.018
ool ¥ 0018<ys #7 L
£ ¢ - \
) L3 preliminar
o ¢ <ﬁ % P y
0.8 r
all
0.7 . . . put _in . . .
-7 -5. -3. —1. 1. 3. 5. 7.

Yo3, ¢ selection

R larger in the event plane
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New Stuff — Summary

New Stuff
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narrow 2-jet limit
R~ 0.7 fm
R =~ 0.9 fm — constant
Pout ~ 0.66 fm — constant
Rsde =~ RL/2
lout =~ 1.1 RL
out direction ~ in event plane

side direction ~ out of event plane
Rin ~ R out of plane
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e Tamas Novak, Tamas Csoérgd, Wolfram Kittel
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e | take full responsibility for the ‘New Stuff’
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A Comment

e 7-model is closely related to a string picture

e strong x-p correlation
o fractal - Lévy distribution

e CMS finds BEC in pp at 0.9 and 7 TeV are described by
simplified 7-model formula JHEP 05 (2011) 029

e suggests that BEC in pp is (mostly) from string
fragmentation
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Emission Function of 2-jet Events.
In the 7-model, the emission function in configuration space is
. 1.d*n 1 /m\38 L mX
S = faraz =5 (=) O (=)

For simplicity, assume p+1(B) = py(¥)pp(p)/Fi expt.—
(01, py, pp, are inclusive single-particle distributions) ~ Factorization OK
Then S(X,7) = L H(7)G(n)I(r)
n

Strongly correlated x, p —> H(T)
n=y r=pr/m
3 ¢
G(n) = py(n) I(r) = (%) pp (rmy/T) I AT 1.56fm
TO —

So, using experimental py(y), pp, (p:) dists. “ - o
and H(7) from BEC fits,
we can reconstruct S.

D.25
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Emission Function of 2-jet Events.

Integrating over r,
Integrating over z,

4

nnn
=156 or 7

details

“Boomerang” shape

D.26

e
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aS
LLA parton shower leads to a fractal in momentum space

fractal dimension is related to «; Gustafson et al.
Lévy dist. arises naturally from a fractal, or random walk,
or anomalous diffusion Metzler and Klafter, Phys.Rep.339(2000)1.

strong momentum-space/configuration space correlation of
7-model = fractal in configuration space with same «
generalized LPHD suggests particle dist. has same
properties as gluon dist.

Putting this all together leads to Csbrgs etal.
271' 2
g = ?
Using our value of yields o, = 0.46 + 0.04

This value is reasonable for a scale of 1-2 GeV,
where production of hadrons takes place
cf., from 7 decays as(m; ~ 1.8GeV) = 0.34 + 0.03 roc



cms

D.28

Applications Intro lems details
000

BEC Introductign
g-particle density pg(p1, ..., Pq) = 1 d%0(P1,:--Pq)

Ttot dp1 dpq
2-particle correlation: _r2(p1.p2)
p1(p1)p1(P2)
To study only BEC, not all correlations,
let po(p1, P2) be the 2-particle density if no BEC

(= po of the ‘reference sample’) and define
p2(P1,P2)  p1(p1)pi(P2) _ pa(P1,P2)
p1(P1)p1(P2)  pol(pi,p2) po(P1, P2)

Ra(p1, p2) =

Since 2-m BEC only at small Q

Q= /~(p1 — p2)?= /M, — 4m?
integrate over other variables: R>(Q) =
a
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LCMS
The usual parametrization assumes a symmetric Gaussian
source
But, there is no reason to expect this symmetry in ete™— qq.
Therefore, do a 3-dim. analysis in the

Longitudinal Center of Mass System (LCMS): P.*+P,
By
Boost each m-pair along event | Qout
(thrust) axis pr1 = —pr2 S P,
p1 + Po defines ‘out’ axis | 1
Qside uE (OLu Qout)
Q. event |
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LCMS

Advantages of LCMS:
02 = OE + Qszide + qut - (AE)2

= QP+ Q3 +Q@,(1-5%)  where = 7%‘;; 1?2‘“2
Thus, the energy difference,
and therefore the difference in emission time of the pions
couples only to the out-component, Quyt.
Thus,
Q. and Q4. reflect only spatial dimensions of the source
Q.. reflects a mixture of spatial and temporal dimensions.
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Intro lcms

Q Dependence

+
4
00 15— * : +
—01 | + [
-0z I J
02 * + + F
01] H TR . ‘ { oy E
0.0 ¥ 4 " r
-017 * ' ’ ty + :
—02- m Q-0 x*=735 + F
037 4 q,-q, X276 * r
04 : |

05
Q.9,.9, (GeV)

RZ(QL-, Qsidea qout) VS.
QL for  Qkige,Qour< 0.08 GeV
Quige for  QL,Qour< 0.08 GeV
Qoue for — Q,Qsige< 0.08 GeV

Dependence on components of
Q is preferred.

Fout > RL > Rside

Not azimuthally symmetric

details
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Summary of Simplified 7-model

details

o R (fm) R, (fm) CL
2jet 0.41 £0.02750¢ + + 57%
3-jet 0.35+0.0179%% 1.06+£0.05793° 0.85+0.04972 76%
3-jet 0.41 = fixed 0.93 + 0.03 0.76 + 0.01 38%
2-jet 0.44 £0.0179% 0.78 +£0.0470% — 49%
3jet 0.42+0.0179%2 0.98 +0.0410% — 10%
3-jet  0.44 = fixed 0.87 + 0.01 — 3%

consistent values of «
R2" =tan () R?" to
Simplified 7-model works well

and to 1.5¢ for 3-jet

R seems to be larger for 3-jet than for 2-jet events
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Fit Results Simplified 7-model

parameter

two-jet

three-jet

A

R (fm)
R, (fm)

€ (GeV—T)
gl

0.63 + 0.0313%8
0.04
0.41 +0.0270:04
0.79 + 0.0479%3
0.21
0.69 + 0'04%‘8% .
0.001 + 0.002+3:00
0.988 + 0.005"5:928

0.92 + 0.0513%
0.03
0.35+ 0.017392
1.06 + 0.0570-39
0.15
0.85 + 0'04t°‘8% .
0.000 + o.ooztg;g%
0.997 £ 0.00570003

x2/DoF
confidence level

91/94
57%

84/94
76%

details
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Fit Results Simplified 7-model

parameter two-jet three-jet

A 0.61 + 0.0375:58 0.84 £ 0.047093

a 0.44 +0.0179:93 0.42 +£0.011352

R (fm) 0.78 + 0.0475:%2 0.98 + 0.0413-%%

e (Gev) 0.005 £ 0.001 +0.003  0.008 + 0.001 + 0.005
o 0.979 £ 0.002755%%  0.977 +0.00170013
x?/DoF 95/95 113/95

confidence level 49% 10%
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Fit Results Full 7-model for 2-jet events

m, regions (GeV) average confidence
My Mo m; (GeV) level A
Q<04 | all (%)

0.14-0.26 0.14-0.22 0.19 0.19 10 0.39 +£0.02
0.14-0.34 0.22-0.30 0.27 0.27 48 0.76 +0.03
0.14-0.46 0.30-0.42 0.37 0.37 74 0.83 +0.03
0.14-0.66 0.42-4.14 0.52 0.52 13 0.97 +0.04
0.26-0.42 0.14-0.22 0.25 0.26 22 0.53 +£0.02
0.34-0.46 0.22-0.30 0.32 0.33 33 0.80 +0.03
0.46-0.58 0.30-0.42 0.43 0.44 34 0.91 +£0.04
0.66—-0.86 0.42-4.14 0.65 0.65 66 1.01 +0.05
042-0.62 0.14-0.22 0.34 0.34 17 0.41 +0.03
0.46-0.70 0.22-0.30 0.41 0.41 55 0.64 +0.03
0.58-0.82 0.30-0.42 0.52 0.52 59 0.70 +£0.04
0.86-1.22 0.42-4.14 0.80 0.81 24 0.66 +0.05
0.70—-4.14 0.22-0.30 0.59 0.65 4 0.37 +£0.04
0.82-4.14 0.30-0.42 0.71 0.76 11 0.56 + 0.05
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Fit Result Rx(Q, My, M)

parameter

A 0.58 + 0.0375:58

a 0.47 + 0.0175:54

AT (fm) 1.56 + 0.127032

e (GevV™) 0.001 + 0.001 + 0.003
5 0.988 + 0.0023-995
x?/DoF 90/95

confidence level 62%

details
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R, free
v2/dof = 91/94
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Applications
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R, free
v2/dof = 84/94
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= tan (<F ) R2
/dof = 113/95
CL =10%
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Integrating over r,
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12 S(rbidm?)

10 - 5 dm

“Boomerang” shape
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Intro lems

Integrating over z,

=007 fm

a=047
ar=158 o y=0357

-

0.05

7. (fm)

0l0
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