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Introduction - BEC

— _p2(P1,P2) p2(Q) _ o, ; ; ‘ )
Re = 550 = i@ po = 2-particle density of ‘reference sample

Assuming particles produced incoherently
with spatial source density S(x),
R(Q) =1+ \|S(Q)[2

where E(Q):fdx e S(x) — Fourier transform of S(x)
A=1 — A = 0 if production completely coherent

Assuming S(x) is a spherically symmetric Lévy stable distribution
with radius r, index of stability o (o = 2 for a Gaussian) =
Ro(Q) =1+ e (@)
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Problems with this approach

Assumes Final-State Interactions
» incoherent average over source 1. Coulomb
A tries to account for - form not certain
» partial coherence (usually use Gamow factor)
» multiple (distinguishable) sources, overcorrects!
long-lived resonances - for R>, a few % in lowest Q bin
> pion purity - double if +, — ref. sample
» spherical (radius ) Lévy (or Gauss) - often neglected for R,
distribution of particle emitters - but not negligible for R;
. o M
s_egr’r;s unlikely in eTe~ annihilation 2. Strong interaction - S = 0
Jets phase shifts can be incorporated
» static source, i.e., no t-dependence together with Coulomb into the
certainly wrong formula for Ry

Osada, Sano, Biyajima, Z.Phys. C72(1996)285)
tends to increase \, decrease r -
Not used by LEP experiments
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Reference Sample

ref. sample, pg, from +, — pairs

! OPAL,24Phys.C7‘(2(;996)389
a|

L e OPAL Data

£ 0 Monte Carlo JETSET 7.3

Excluded from fit

. R¢® ‘
Common choices: 25
1. 4, — pairs gu
But different resonances than +, + § e
2. Mixed events — pair particles from os
different events . . os [,
But destroys all correlations, not just 07
BEC 05
correct by MC (no BEC): o 1
MC g 14
p H
po = Po% S
po g 12
MC O 11
R =2 — &/% ‘double ratio’ :
£o PO Pg 09
— But is the MC correct? e

Long-range correlations inadequately treated in ref. sample:

Ro(Q) o (142 7)(140Q) oreven -(1+05Q+ Q?)
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Results from R, v/s = My,
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open = stat. error
filled = tot. error
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— correction for 7 purity increases A

— mixed ref. gives smaller A, r than +— ref.
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+/s dependence of r

P KD
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L +  Mark-II
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*  AMY
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©  OPAL
0.2 mixed ref.
+— ref.
open = stat. error
filled = tot. error
0.0 T
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No evidence for /s dependence
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Mass dependence of r — BEC and FDC

0.2

0.0

om<an
=]
=
=
T
=

mixed ref.

+— ref.

spin correl.
open = stat. error
filled = tot. error

0.0

No evidence for r ~ 1//m

Ir—m = IKK
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Disclaimer

» There are many BEC measurements with pions.

» There are also BEC measurements with kaons,
and FDC measurements with protons, lambdas,
but fewer.

» From here on | will only treat pion results.
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Multiplicity/Jet dependence of A, r

RZ(Q) _ 7(1 + /\6—02 2)(1 +5Q+ 602) OPAL,Z.Phys.C72(1996)389
mesf OPAL < | ‘OPAL‘ ‘ I ‘OPJAL‘ ‘ ‘(a;)
I AR M }
Al S R S | ; ﬁ ] o |
- ™ SRR DA
g 05 A E 05 + + + + g 05
mw 105 D:O 105 KUJDS
| | byt
/M/KH Py 1 Mt [ %
095 095 ¢ 095
ot Cob . H’%
0.85 085 + e 085
N R | S fpe mlﬁ e
AN with ng AN, with nig Anjet = indep. of ng,
with ng, with i indep. of n,

Multiplicity dependence appears to be largely due to number of jets.



Elongation of the source

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
aka Longitudinal Co-Moving System

PP,
LCMS:
By
| Quur P = ~P2 .
nai AN B P, p1 + p2 defines ‘out’” axis
Boost each = pair % 3 Quee L (QL, Qun)
along event axis,
e.g., thrust axis
Q. ‘ thrust
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the LCMS

Advantages of LCMS:

Q= QF + QG + Q4 — (AE)? where Q7 = (pj1 — pi2)?
_ 2 2 2 (4 _ 2 _ Pout1 + Pour2
- QL + Qside + CDoul (1 6 ) Where ﬂ = E1 n E2

Thus, the energy difference,

and therefore the difference in emission time of the pions
couples only to the out-component, Qyy;.

Thus,

Q. and Q. reflect only spatial dimensions of the source
Quu reflects a mixture of spatial and temporal dimensions.

Assuming axial symmetry, source is elliptically shaped with
» n. the logitudinal radius
> T4 the transverse radius
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Elongation Results

Gauss / 2-D 3-D
Edgeworth r/n Fside /L

DELPHI mixed 2-jet Gauss 0.62+0.02+0.05 —

ALEPH mixed 2-jet Gauss 0.61+£0.01+0.?? —

+—  2-jet Gauss 0.914+0.02+0.7? —

mixed 2-jet | Edgeworth | 0.68+0.01+0.77 —

+—  2-jet | Edgeworth | 0.84+0.02+0.?7 —
OPAL +—  2-jet| Gauss — 0.82+0.02+J 5!
L3 mixed  all Gauss — 0.80+0.02+J%3
mixed  all | Edgeworth — 0.81+0.02+393

~20% elongation along thrust axis
(zeUs finds similar results in ep)

W.J. Metzger

LHCb Workshop
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1 Elongation larger
{ for narrower jets



37 BEC

Assuming static source density f(x) in space-time, G(Q) = [ dx e¥f(x) = Ge'®

p2(Q) 2
R:(Q) = =1+ )G(Q
Analog of Q for 3 particles: (Q = M,y — 9m? = Q%, + Q55 + Q%3)
p3(Qs) 2 2 2
Rs(Qs) = =1+ X(|G(Q +|1G(Q +|G(Q
3(Qs) 0(Q) (IG(Q12)I* + |G(Qes) | + |G(Q13) %)

from 2-particle BEC
+2)\1° R{G(Q12) G(Q3)G(Qx3)}
from genuine 3-particle BEC
RE™™ = 1 4 2\ R{G(Q12) G(Qez) G(Qu3)}
B Rgenuine (Qs) — 1
~ 2/(Ro(Q12) — 1)(Ro(Q2s) — 1)(Ro(Qi3) — 1)
= COS(¢12 + ¢o3 + P13)
B Rgenuine (Q3) — 1
- 2/Re(Q3) - 1

If fully incoherent, ¢; # 0 only if f(x) asymmetric and Q; > 0
Completely incoherent particle production implies A =1

if f(x) is Gaussian



37 BEC

from Gaussian Edgeworth

R A | 0.45+0.06+0.03 | 0.72+0.08 +0.03
L3: RET™™ 0.47 +0.07 +0.03 | 0.75+0.10 = 0.03

R 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

Data consistent with

Values of A, r from R and A;

, I.e., fully incoherent.

genuine

are consistent.

expt. A r
MARK-1I | R 0.45+0.08+0.04 | 1.01 +£0.09 +£0.06
(29GeV) | R3 0.54 +£0.06 +0.05 | 0.90+0.06 £ 0.06
DELPHI R 0.24+0.02+0.7? | 047 +0.03+0.77
RE™™ 1 0.43+0.05+0.07 | 0.93 +0.06 +0.04
OPAL R 0.58 £ 0.01 £0.?7?
R | 0.63+0.01+0.03

Values of \, r from R, and Rs are




BEC in String Models

Longitudinal BEC

» Different string configurations
give same final state

» Matrix element to get a final
state depends on area, A:
M =exp[(k — b/2)A]
where « is the string tension
and b is the decay constant
k ~ 1GeV/fm and b ~ 0.3 GeV/fm

» So, must sum all the amplitudes
But 3-7 BEC incoherent ??

Transverse BEC

» Transverse momentum via
tunneling, also related to b

W.J. Metzger - LHCb Workshop

Using b from tuning of JETSET, predict

» BEC,
including genuine 3-particle BEC

> <
>
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2-particle BEC 77" and ntn*

» Naively expect same BEC for 7%7° and n*n+

» Hadronization with local charge conservation,
e.g., string, = ryo < r++
But most ©’s from resonances — dilutes this effect.

» Many measurements of BEC with charged ='s
» but few with 7°'s

inete: L3, PL. B524 (2002) 55
OPAL, P.L. B559 (2003) 131

Selection:
OPAL ‘ L3
Pro >1.0GeV | E(7°) < 6.0 GeV
2-jet, T > 0.9 all events

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014



2-particle BEC and wta®

Expt. 00 r (fm) A
£+ OPAL +— 1.0079%  0.76 £0.06
BEC from Zdecays |4 mix 0.65+0.04 0.45+0.07
Gaussian L3 3-7 mix 0.65+ 0.07 0.47 +0.08
parametrization L3 E, < 6GeV MC 0.46+001 0.29-+0.03
L3 E, < 6GeV MC 0.31+010 0.16+0.09
OPAL E, > 1,2-et mix 0.59+0.09 0.55+0.14

> L3: rgg < re+ and A\ggp < A+4, both 1.50

v

ALEPH, DELPHI find ry4 (mix)/re+(+—) ~ 0.68, 0.51

Applying this to OPAL ry4, OPAL ryg &~ roq and Agg =~ A4+

v

v

v

W.J. Metzger

L3-OPAL

- LHCb Workshop

L3 and oPAL 770 results disagree by 2¢

Ex

2-jet selection
OPAL: MC shows that few of selected 7’s are direct from string
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Another source of qq: W

ete™— WTW~ — qqlv

1.8 |
16

o~
014l

BE(W) = BE(Z —light quarks)

W.J. Metzger

2 L

12F -

L3

semi-hadronic

1 Z-udcs
i Z-all

05 1
Q [GeV]

If independent decay of WHw—,
i.e., no BEC between pions from different W’s

= p+(p1,p2) 1,2 from wt
+  p (pi,p2) 1,2from W™
+ pr(pi)p (p2) 1 from W', 2 from W™
+ pr(p2)p (p1) 1 from W™, 2 from W

Assuming p* = p~ = pyq, W separation ~ 0.1fm

= 202q(p17p2) + 2/’2q(p1 )/’Zq(p2)

Inter-W BEC — W decays not independent
= this relation does not hold.
Measure

° from

e po(p1,p2) from ete”™ — WHW— — qqlv

o y(P1)pag(p2) from pui(pi, p2) obtained by

mixing ¢*rqq and qq¢~ v events

- LHCb Workshop - 20-22 Oct 2014 - p.18



W W~ — qqqq

Measure violation of Compare to expectation of BEg> model

in PYTHIA
/Mt](Q) = 2p2q(o) + 2[)mix(Q)

> . ALEPHD'  -0.05£0.22
—e ALEPH Ap’ -0.180.35
by —e ALEPHR™  -0.23+0.41
— —o— [VDELPHI5 051024
—E 13D’ 0.08+0.21
Ap(Q) = p1(Q) = [2p2g(p1, P2) + 2pmix (1, P2)] 1 | s 002026
/)44(0) — +=— | OPALD 033045
D(Q) = +e—| OPALD  0.34%0.51
( ) 2p2q(Q) + 2[)mix(o) —— OPALAp  -0.01:0.46
—— OPALd  -0.13:0.56

Q) = —Ap( Q) X2/dof = 3.5/3

1(Q) = 2pmix(Q) - LEP 0.17+0.13
i E R T N

fraction of model seen

DELPHI: 0.51 +0.24 ~ 20
average: 0.17+0.13 ~ 1o
Conclusion: BEC (mostly) between =’s from same string

But event selection (4 separated jets)

suppresses small Q for 7 pairs from different strings

51(Q) measures genuine inter-W BEC

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.19



Results — ‘Classic’ Parametrizations

Ro=v-[1+)Gl-(1+¢Q)

» Gaussian
G=exp (—(rQ)?

» Edgeworth expansion
G=exp (—(rQ)?) - [1 + 5 Hs(rQ)]
Gaussianif k=0
Fit: k = 0.71 £ 0.06

» symmetric Lévy
G=-exp(—|rQ|)

O<a<2
Gaussianif o =2
Fit:

CL:

L3 (®)

Poor y?. Edgeworth and Lévy better than Gaussian, but poor.
Problem is the dip of Rs in the region 0.6 < Q < 1.5GeV

W.J. Metzger - LHCb Workshop
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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

» 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* — Xx") be dist. of prod. points about their mean,
and H(r) the dist. of 7. Then the emission function is
S(x,p) = f;~ drH(r)da(x — aTp)p1(p)
In the plane—wave approx. F.B.Yano, S.E.Koonin, Phys Lett.B78(1978)556.
p2(p1,p2) = [ d*x1d*x2S(x1, p1)S(Xe, p2) (1 + cos ([p1 — po] [x1 — X2]) )
Assume da(x* — x"') is very narrow — a é-function. Then

Ro(pi, p2) = 1 +AReF/(a‘2C’2) F/(az,fz), H(w) = [ drH(7) exp(iwT)

v

v

v
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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 (AT|w])" (1 — isign(w)tan (F) ) +iwm] |

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»

Ro(Q,ar,a) = ’y{1+/\COS [M—Han (j) <ATQZ)

2 2 2

wf(32) 5o

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014
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BEC in the 7-model

R:(Q, a1, a) = ﬂ,/{1 + Acos [ﬂ +tan (5F) (A*Toz) @]
oxp [- (25%) "%} (1+<Q)
Simplification:
effective radius, R, defined by R?* = (47) 2%
Particle production begins immediately, 7o = 0

» Then

v

v

Ro(Q) = [1 + \cos ((Rao)2 ) exp (— (RQ)? )} (1 +cQ)
where R2" = tan (“F) R?
Compare to sym. Lévy parametrization:
Ro(Q) = [14 A 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 Slmpllfled T- model from LsZ decay

[ tan( ) Re | R, free

0.02 + {

] byt :

< 000+ ‘+T++ \ m HW ", ﬁ\ﬁ#&‘#ﬂﬁ H\ww T ‘\T\ \T,

] PR T g
o CQ@Gen) ' ' L Q@) 4
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Elongation?

» Previous results using fits of Gaussian or Edgeworth found (in LCMS)
liae /1 = 0.8 for all events

» 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

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 -
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Elongation in the Simplified 7-model?

LCMS: @2=Q2 + Q3,, + @2, — (AE)?
e IR R TR B e

Replace RZOZ = A2 REQL + 51de quie + pout Ogul

Then in 7-model,
Ro(QL, Quides Qo) = [1 + \cos <tan ( ) A2 ) exp (—A2 )]

: (1 + GLOL + Eside Qside + Eoutcaout)

\?/dof cL
. _ r-model  Rue/RL— 061002 14847/14921 66%
for 2-jet events: Edgeworth  rue/n — 0.64+0.02  14891/14919 56%

consistent
Elongation is real

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 -



LLA parton shower leads to a fractal in momentum space

fractal dimension, «, is related to o 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 -model —-
fractal in configuration space with same

» generalized LPHD suggests particle dist. has same properties as gluon dist.

Putting this all together leads to Csrgd etal.
21
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 PDG

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.27



Multiplicity/Jet/rapidity dependence in 7-model

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

To stabilize fits against large correlation of parameters « and R, fix a« = 0.44

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 -
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Jets

Jets — JADE and Durham algorithms

» force event to have 3 jets:
» normally stop combining when all ‘distances’ ey ens
between jets are > yeu

» instead, stop combining when there are only 3 __|

25000 |

20000 |

jets left
> yo3 is the smallest ‘distance’ between any 2 of ™F
the 3 jets so0 [
> Vo3 is value of y.,, where number of jets e N N VUNUETY IV IV BT WY
log10(y23) Durham

changes from 2 to 3
define regions of y2, (Durham):

yay < 0.002
0.002 < y& < 0.006
0.006 < yp < 0.018
0.018 <y

narrow two-jet

less narrow two-jet
narrow three-jet
wide three-jet

or
yiy < 0.006  two-jet
0.006 <y  three-jet

and similarly for y3, (JADE): 0.009, 0.023, 0.056

W.J. Metzger -

LHCb Workshop

- 20-22 Oct 2014 -
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Multiplicity/Jet dependence in 7-model

Using simplified 7-model, « = 0.44, 7o = 0 L3 PRELIMINARY

11 11

JADE Dutharm

104 L 104
fE\o.g R 5 O ) r fE\o.g b o @ €]
a2 @ a2 [0}
o6 $ @@®® ' Ros $ @@@G)

07 $ 5 07 $

06 : ; : ; . , : 06 : ; : ; . , .

0. 5. 10. 15. 20. 0. 5. 10. 15. 20.
Nt Ne

» Rincreases with N, and with number of jets
whereas OPAL found ryjet approx. indep. of Ng,

» Increase of R with N, similar for 2- and 3-jet events
» However, Rsjet = Ra

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.30



Multiplicity/Jet dependence in 7-model

Using simplified 7-model, « = 0.44, o = 0 L3 PRELIMINARY
JADE  LE ) Durham | © * |
084 r 0.8+

<07 é @@®@% o @% <07 % ©@®@% o @%

0. 5. ]\}{E}ét 15. 20. 0. 5. ]\;{E}%L 15. 20.
> > \ojet  Opposite of OPAL
» \initially decreases with N
» then )y and approx. constant

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

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.31



m, dependence in 7-model
Using simplified 7-model, « = 0.44, 7o = 0 L3 PRELIMINARY

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

' JADE 2-jet, yJ, < 0.023 ' JADE 3-et, yJ, > 0.023
23 23

0.9 %@ 09 ‘% % o €]

0.8 - * 4 ?; o © ® 3 0.8+ 83@@ oo
;5\0.7 $$ ®¥© ﬁ d] 3 Eov— o 0
< . : §

05 d] 054

0.4 : | 04 T d]

» R decreases with m, for all Ngy,
smallest when both particles at high p,

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.32



On what do r, R, A\ depend?

» r, Rincrease with Ng
> r, Rincrease with Nigts

tr &
» for fixed number of jets, R increases \
with Ny, but r is constant (OPAL) +H,HW .
» r, R decrease with m; 3

» Although m, Nen, Niets are correlated,
each contributes to the A
increase/decrease of R
but only my, Nigts contribute to the
increase/decrease of r

<m3> (GeV)

» ) decreases with Nch, Niets
for

7-model, Gaussian (OPAL)
» )\ decreases with m,

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 -



Jets and Rapidity

order jets by energy: £; > E> > Ej

Note: thrust only defines axis |7ir|, not its direction.

Choose positive thrust direction such that jet 1 is in positive thrust hemisphere

rapidity, yg, of particles from ‘g>_
jet 1,je[t) 2, jet 3: q

5y < 0.002 0.002 < yPy < 0.006 0.006 Qy;g < 0.018 0.018 < yb
E— e e — —
mmmmmmmmmmm (6 13%g | e (1% | [reemamecn 1o 13%g
Jet 2 8%g Jet 2 14%g |t 2 22%g
Jet 389%g Jet 3.84%g Jet 3 74%g
6 -4 2 0 2 4 6 4 2 0 2 4 6 4 =2 0 2 4 r
Ye Ye Ye
» yg > 1 almost all jet 1 almost all quark
» yg < —1 mostly jet 2, some jet 3 mostly quark

W.J. M;zger_1 <y <1jet3 eméﬁpoﬁgw - 20-22 Oct 2014 largely gluop%



Jets and Rapidity — simplified 7-model - 3 preliminary

To stabilize fits against large correlation of «, R, fix a = 0.44
Select part|cle pa|rs by rapldlty of pa|r

m ally, all @ JADE
Ayl L With ygS’
o Uiiya ° +¢ > ally: Ri
oo O L N H \ . | all y: Rincreases
* * v " u > ‘pure’ qjet, yg > 1,
—~ [ i J
g L t or yg < —1 & y55 small, or
08 *. + L ¥ < —2: Rconst.
~ *+ + + ‘ + * > R—1<yp_<1 > H‘pure’q
o % % > Ry.<_1 increases
> atlarge y5,
Ty 0.009 0023  |Vzs | Rot<ye<t = Rycn
06 <O 009 <0. 023 —0. 023 all yza —0.056 >0.023 | >0.056

Conclusmn (Durham agrees)
Increase in R with y3, is due to appearance of gluon jet

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.35



7-model elongation — L3 preliminary

10 L Il L Il L 1\1 11\ L L
®  Durham LCMS alleg | alys
e JADE LCMS
0.8 & # L
—
X
~ | + |
3
el
X
0.6 +
Tvzs + 0.009 0023  |¥zm I
<0.009 | <0.023 | —0.023 |all yl, |-0.056 | 30.023 | >0.056
Yo 0.002 0006  |Y2s
0.4 <0002 | <0006 | ~0.006all y2, |-0.018 | >0.006 >0.018

» Durham, JADE agree
» Elongation decreases with yz3, Rsige = 0.5-0.9 Rigng
» agrees with Gaussian/Edgeworth

W.J. Metzger

LHCb Workshop
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Conclusions/Comments/Lessons

1. Ref. sample is important
» Comparison of results using different py is very problematic
» Agreement among LHC expts. would facilitate comparisons,
e.g., central rapidity vs. forward rapidity
. Ratios, e.g., riq4./n are robust to differences
in pg, parametrization (Gauss, Lévy, 7-model)
3. Look beyond Q = 2GeV — at least to 3, preferably 4 GeV

4. 7-model

» 7-model is closely related to a string picture
» strong x-p correlation
» fractal - Lévy distribution

» CMS finds BEC in pp at 0.9 and 7 TeV are described by simplified 7-model
formula JHEP 05 (2011) 029
» suggests that BEC in pp is (mostly) from string fragmentation
5. Anticorrelation region is important
» On what does it depend, N, rapidity, m, ...?
» Is the 7-model the correct explanation?
6. R, r depends on Nigis, Neh, M.
Also on (mini)jets, color reconnection, Nsyings, COlor ropes?

N

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.37
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Introduction — Correlations

g-particle density

where o is inclusive cross section
Normalization:

In terms of ‘factorial cumulants’, C

“trivial” 3-particle correlations
“genuine” 3-particle correlations

2-particle correlations

Convenient to normalize

e.g.

W.J. Metzger - LHCb Workshop

q
Pq(p1 (RS pq) = Trot

dpy...dpg
S pi(p)dp = (n)
[ p2(p1,p2)dpidp2 = (n(n—1))

p1(p1)=Ci(p1)
p2(p1, P2)=C1(p1)Ci(P2) + C2(p1, P2)

p3(P1, P2, p3))=C1(p1)C1(p2) C1(p3)

+Z3 perms Ci (,01 )CZ (,02, p3)
+Cs(p1, P2, P3)

Ca = pa(p1, p2) — C1(p1) Ci(p2)

_ Pq _ Cq
Rq I pi(p) Kq T TIL pi(e)
Ro=1+ -2~ =1+K

p1(p1)p1(p2)

- 20-22 Oct 2014 -

p.39



Introduction — BEC

To study BEC, not other correlations,
replace H?:1 p1(pi) by po(p1, .-, Pg),
the g-particle density if no BEC
(reference sample)

e.g., 2-particle BEC are studied in

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

R:(Q) =1+|G(Q)]?

terms 0"‘; _ o(p1,p2) where G(Q) = [ dx e S(x) is the Fourier
2(P1: P2) = po(p1, P2) transform of S(x)
Assuming S(x) is a Gaussian with radius
Since 2-7 BEC only at small =

Q = V(pr = pe)*= m Ro(Q) =1+e¢

integrate over other variables

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.40



Ry(Q) x 1+ Ae @~

Assumes

» incoherent average over source
\ tries to account for
» partial coherence
» multiple (distinguishable) sources,
long-lived resonances

When Gaussian parametrization does
not fit well,

» can expand about the Gaussian
(Edgeworth expansion).
Keeping only the lowest-order
non-Gaussian term,

» pion purity exp (—Q@?r2) becomes
» spherical (radius ) Gaussian exp (—erz) . {1 + %Hg(or)}
density of particle emitters '
seems unlikely in ete™ annihilation (Hs is third-order Hermite
— jets polynomial)
» static source, i.e., no t-dependence  » Assume source radius is a
certainly wrong symmetric Lévy distribution rather
Nevertheless, this Gaussian formula is than Gaussian.
the most often used parametrization Then exp (- Q?r?) becomes
And it works fairly well exp (—QPr*) ,0<a<2
But what do the values of A and
actually mean? «a is the Lévy index of stability

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.41



Experimental Problems |

[. Pion purity ) N N
. - . » perZ:17.07*,2.3K*,1.0p
1. mis-identified pions — K, p (15% non-r)
— correct by MC.

But is the MC correct?

2. resonances
- long-lived affect A
BEC peak narrower than

Origin of 71 in Z decay (%)

(JETSET 7.4)

resolution direct (string fragmentation) 16

- short-lived, e.g., p, - affect r

— correct by MC. decay (short-lived resonances) 62
But is the MC correct? [>6.7MeV,7 < 30fm

3. weak decays ) (pyw, K", A, L)
~ 20% of Z decays are bb decay (long-lived resonances) 22
like long-lived resonances, < 6.7MeV, 7 > 30fm

decrease \

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 -



Experimental Problems Il

[I. Reference Sample, pg
— it does NOT exist
Common choices:

1.

N

W.J. Metzger -

+, — 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?

LHCb Workshop

ref. sample, pg, from +, — pairs

Ao

Correlation function C

Correlation function C'

13

e OPAL Data a

0 MonteCarlo JETSET 7.3

2
0 o0
-

o

Excluded from fit

opAL,‘z.Phys.cf(a(; 996)349

Excluded from fit

20-22 Oct 2014
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Experimental Problems I, IV
[ll. Final-State Interactions

1. Coulomb o PN -4

- form not certain = F
(usually use Gamow factor) N E—— F .
overcorrects! i > :

- for Ry, a few % in lowest Q bin wpoown 10

- double if 4, — ref. sample T e T e

- often neglected for R L8 "OPAL

- but not negligible for R 16 . —— withFsI

2. Strong interaction - S =0 77w ul o without FSI
phase shifts can be
incorporated together with
Coulomb into the formula for R, b

NED/NBS

12

Osada, Sano, Biyajima, Z.Phys. C72(1996)285)

tends to increase )\, decrease r % o5 . s )
e.g., OPAL data: Q [Gevie]
Anorsi = 0.71, Apsy = 1.04 IV. Long-range correlations

no. - . ] — .

Fopst — 1.34, s = 1.091m inadequately treated in ref. sample:
ho = 1.04, = 1. _P
- Not used by experimental Rx(Q) o (14 Ae” ™" )(1+0Q)

W.J. Metzgg rou pS - LHCb Workshop - 20-22 Oct 2014 - p.44



Results from R, v/s = My,

11
10
0.9
0.8
0.7
0.6
0.5
0.4
0.3
02
01
0.0

(Gaussian parametrization)

ALEPH
DELPHI
L3
OPAL

oO<Qp>

solid = corr. m purity
mixed ref.
+— ref.

open = stat. error
filled = tot. error

"™ § A
A
] g @ 4 F
4 m |-
00 01 02 03 04 05 068 07 08 09 10 11

r [fm]

— correction for 7 purity increases A

— mixed ref. gives smaller A, r than +— ref.

W.J. Metzger

LHCb Workshop -

Average means little

20-22 Oct 2014 -
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+/s dependence of r

P KD

1.0 E
0.8+ % %
—
E 0.6+ o - TPC
L +  Mark-II
« X TASSO
*  AMY
0.4 A ALEPH
vV DELPHI
o L3
©  OPAL
0.2 mixed ref.
+— ref.
open = stat. error
filled = tot. error
0.0 T
20.0 40.0

No evidence for /s dependence

W.J. Metzger -

LHCb Workshop

T
60.0

Vs [GeV]

80.0 100.¢

20-22 Oct 2014 - p.46



Mass dependence of r — BEC and FDC

‘ \w‘ A ALEPH
0] 5 peir f
\ o  OPAL
mixed ref.
0.8 \ +— ref. [
spin correl.
- \ open = stat. error
E 06 filled = tot. error L
=0
~
0.4 o
02| d—
0.0 T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 10 12
Mass [GeV]
No evidence for r ~1//m r(mesons) > r(baryons)
Ir—m = IKK
W.J. Metzger - LHCb Workshop - 20-22 Oct 2014



Disclaimer

» There are many BEC measurements with pions.

» There are also BEC measurements with kaons,
and FDC measurements with protons, lambdas,
but fewer.

» From here on | will only treat pion results.

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014
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Multiplicity/Jet dependence of A, r

RZ(Q) _ 7(1 + /\6—02 2)(1 +5Q+ 602) OPAL,Z.Phys.C72(1996)389
mesf OPAL < | ‘OPAL‘ ‘ I ‘OPJAL‘ ‘ ‘(a;)
I AR M }
Al S R S | ; ﬁ ] o |
- ™ SRR DA
g 05 A E 05 + + + + g 05
mw 105 D:O 105 KUJDS
| | byt
/M/KH Py 1 Mt [ %
095 095 ¢ 095
ot Cob . H’%
0.85 085 + e 085
N R | S fpe mlﬁ e
AN with ng AN, with nig Anjet = indep. of ng,
with ng, with i indep. of n,

Multiplicity dependence appears to be largely due to number of jets.



Elongation of the source

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
aka Longitudinal Co-Moving System

PP,
LCMS:
By
| Quur P = ~P2 .
nai AN B P, p1 + p2 defines ‘out’” axis
Boost each = pair % 3 Quee L (QL, Qun)
along event axis,
e.g., thrust axis
Q. ‘ thrust

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.50



the LCMS

Advantages of LCMS:

Q= QF + QG + Q4 — (AE)? where Q7 = (pj1 — pi2)?
_ 2 2 2 (4 _ 2 _ Pout1 + Pour2
- QL + Qside + CDoul (1 6 ) Where ﬂ = E1 n E2

Thus, the energy difference,

and therefore the difference in emission time of the pions
couples only to the out-component, Qyy;.

Thus,

Q. and Q. reflect only spatial dimensions of the source
Quu reflects a mixture of spatial and temporal dimensions.

Assuming axial symmetry, source is elliptically shaped with
» n. the logitudinal radius
> T4 the transverse radius

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 -
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Parametrization of R» )
Writing Rs in terms of Q= (QL, Qside, Qowr): ng(é) = %

We parametrize R»(Q) by a 3-dimensional Gaussian
RQ(QLv Qou Qside) =7 (1 + )\G) -B

where
» ~ = normalization (=~ 1)
» A\ = “incoherence”, or strength of BE effect
» G = azimuthally symmetric Gaussian:

G = exp (_rIZOE - rgulogul - rfidc Oszide + 2/)LA,OUIRLRnulQLooul)
longitudinal sym. = pr .« = 0 (do not tag q,q, and fragment the same)

» Or G = Edgeworth expansion about azimuthally symmetric Gaussian:

exp(—r?Q?) — exp(—r?Q?)- {1 + %H3(r,0,-)} , Hs = 3" order Hermite polynomial

> B=(1+5Q 4+ Qo + {Quqe) describes large Q (long-range correlations)

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.52



Elongation Results (L3)

parameter Gaussian Edgeworth
A 0.41£0.017G5% 0.54 +0.02+9%
Aw (fm) 0.74 +0.02*9 % 0.69 +0.02%9%
Rout (fm) 0.53 +0.027%% 0.44 +0.027%%
Riae (fm) 0.59 +0.01*9% 0.56 + 0.0219.%
Rou /R 0.71 £0.027%% 0.65 +0.037%%
Riae / Ru 0.80 +0.027%% 0.81 +0.0279%%
AL - 0.5+0.11%}
Kout - 0.8+0.1+0.3
Fside - 0.1+0.1+0.3
0 0.025 £ 0.005%9' | 0.036 4 0.007+39%12
€ 0.005 +0.005743% | 0.011 +0.00574 5%
3 —0.035 £ 0.005*5%, | —0.022 + 0.006+5%3
X?/DoF 2314/2189 2000/2186
C.L. (o/o) 3.1 30

Edgeworth fit
significantly

better than Gaussian
Rgae/ AL < 1

more than 5 std. dev.
Elongation

along thrust axis
Models which
assume a spherical
source are too
simple.



Elongation Results

Gauss / 2-D 3-D
Edgeworth r/n Fside /L

DELPHI mixed 2-jet Gauss 0.62+0.02+0.05 —

ALEPH mixed 2-jet Gauss 0.61+£0.01+0.?? —

+—  2-jet Gauss 0.914+0.02+0.7? —

mixed 2-jet | Edgeworth | 0.68+0.01+0.77 —

+—  2-jet | Edgeworth | 0.84+0.02+0.?7 —
OPAL +—  2-jet| Gauss — 0.82+0.02+J 5!
L3 mixed  all Gauss — 0.80+0.02+J%3
mixed  all | Edgeworth — 0.81+0.02+393

~20% elongation along thrust axis
(zeUs finds similar results in ep)

W.J. Metzger

LHCb Workshop

M/ Ttsde

+ | J oy indusve

0‘02 0. ‘04 0. EE 0.
Yout
- 20-22 Oct 2014

i OPAL
1 Elongation larger
{ for narrower jets



37 BEC

Recall
p3(P1,P2,P3)) = Ci(p1)Ci(p2)Ci(ps)
“trivial” 3-particle correlations + 23 perms C1(P1)C2(P2, p3)
“genuine” 3-particle correlations +  C3(p1, P2, p3)
or

p3(P1,P2,p3) = pi(p1)pi(p2)pi(Ps)
+ Z [o1(P1) (p2(P2, P3) — p1(P2)p1(Ps))]

3
perm

+  Cs(py, p2,p3)

3-particle BEC are studied in terms of

p3(p1, P2, P3)
R b ) =
2(P1. 2. o) po(P1, P2, P3)

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.55



37 BEC

Since BEC at small Qs (@2 =My —9m2 = @2, + Q% + Q2;)
Q) p(Q)
we use Rs(Q = P(Qs and R, =
(D) = @) 2= po(Q)
R:r;ongen(oa) _ 1 +Zp1p2_3 :1 +Z[R2(O12)_1]
Bg;m PO 3 perm
enuine C3(O3)
RS Q) = 1+
3 ( 3) po(Cs)

= 1+ R3(Q3) — R™(Qs)

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.56



37 BEC

Assuming static source density f(x) in space-time, G(Q) = [ dx e¥f(x) = Ge'®

p2(Q) 2
R:(Q) = =1+ )G(Q
Analog of Q for 3 particles: (Q = M,y — 9m? = Q%, + Q55 + Q%3)
p3(Qs) 2 2 2
Rs(Qs) = =1+ X(|G(Q +|1G(Q +|G(Q
3(Qs) 0(Q) (IG(Q12)I* + |G(Qes) | + |G(Q13) %)

from 2-particle BEC
+2)\1° R{G(Q12) G(Q3)G(Qx3)}
from genuine 3-particle BEC
RE™™ = 1 4 2\ R{G(Q12) G(Qez) G(Qu3)}
B Rgenuine (Qs) — 1
~ 2/(Ro(Q12) — 1)(Ro(Q2s) — 1)(Ro(Qi3) — 1)
= COS(¢12 + ¢o3 + P13)
B Rgenuine (Q3) — 1
- 2/Re(Q3) - 1

If fully incoherent, ¢; # 0 only if f(x) asymmetric and Q; > 0
Completely incoherent particle production implies A =1

if f(x) is Gaussian



37 BEC

) ﬂ{%;% . . MMM

I I I I I I I I
02 04 06 08 1 12 14 16 18

Q[GeV]

Ry < 1+ Aexp(—Q?r?)
- - - Gaussian x? = 60, 29 dof
—Edgeworth y? = 26, 28 dof

RE™™ oc 1+ 2)\1 S exp(—QPr?/2)
- - - Gaussian y? = 30, 27 dof
——Edgeworth x? = 18, 26 dof

W.J. Metzger - LHCb Workshop

2

genuine
RB

L3, PLB540 (2002) 185
T T T

L3
@ * data 1
o MC, no BEC
— Gaussian fit
...... w=1
%‘%%Mwwo e s8e088
(b)
s80088
l‘.8 2
20-22 Oct 2014 -
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_ Rgenuine ( 03 ) —1

24/ R2(Q3)—1

Using RE™" from data, R, from fit

L@ L ®) L3
31.25 1 i | \ ! 31.25 i ~
i MHHM | 1|HH+MW H
el Gaussian 02 Edgeworth
0.2 QO: [Ge\(}]ﬁ 0.8 0.2 5;1 [Ge\()/le 0.8
Data consistent with ,
i.e., with pion production

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014
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37 BEC

from Gaussian Edgeworth

R A | 0.45+0.06+0.03 | 0.72+0.08 +0.03
L3: RET™™ 0.47 +0.07 +0.03 | 0.75+0.10 = 0.03

R 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

Data consistent with

Values of A, r from R and A;

, I.e., fully incoherent.

genuine

are consistent.

expt. A r
MARK-1I | R 0.45+0.08+0.04 | 1.01 +£0.09 +£0.06
(29GeV) | R3 0.54 +£0.06 +0.05 | 0.90+0.06 £ 0.06
DELPHI R 0.24+0.02+0.7? | 047 +0.03+0.77
RE™™ 1 0.43+0.05+0.07 | 0.93 +0.06 +0.04
OPAL R 0.58 £ 0.01 £0.?7?
R | 0.63+0.01+0.03

Values of \, r from R, and Rs are




BEC in String Models

Longitudinal BEC

» Different string configurations
give same final state

» Matrix element to get a final
state depends on area, A:
M =exp[(k — b/2)A]
where « is the string tension
and b is the decay constant
k ~ 1GeV/fm and b ~ 0.3 GeV/fm

» So, must sum all the amplitudes
But 3-7 BEC incoherent ??

Transverse BEC

» Transverse momentum via
tunneling, also related to b

W.J. Metzger - LHCb Workshop

Using b from tuning of JETSET, predict

» BEC,
including genuine 3-particle BEC

> <
>

20-22 Oct 2014 - p.61



2-particle BEC 77" and ntn*

» Naively expect same BEC for 7%7° and n*n+

» Hadronization with local charge conservation,
e.g., string, = ryo < r++
But most ©’s from resonances — dilutes this effect.

» Many measurements of BEC with charged ='s
» but few with 7°'s

inete: L3, PL. B524 (2002) 55
OPAL, P.L. B559 (2003) 131

Selection:
OPAL ‘ L3
Pro >1.0GeV | E(7°) < 6.0 GeV
2-jet, T > 0.9 all events

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014
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2-particle BEC

and w7+

1.3
L3 . Data 1fr® x2 1 ndof = 46.10/40
12 — Fit A = 0.15520.054
[| ---- Normalization R =0.309£0.074 fm
Feo
5 2 S LU b =0.021+0.034
& ¢ %ele
OPAL = 1
s
Data after resonance subtraction [ TLH' TT‘.T
Data beforeresonance subtraction t + T T | [ T
15 Monte Carlo without BEC 4 09
ogl— 1
05 1 15 2
Q[GeV]
L 13
L3 . Data e X/ ndof = 42.55/40
12+ — Fit A = 0.286+0.008
r ---- Normalization R =0.459+0.010 fm
~11pF a =0.0150.003
05 T T S TOU TV (S~
0 025 05 075 1 125 15 175 2 225 25 ~N
Q(Gev) 4
r=0.59+0.08+0.05 fm :
ogl— 1+ v v v
05 1 15 2
[GeV]
W.J. Metzger - LHCb Workshop - 20-22 Oct 2014
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2-particle BEC and wta®

Expt. 00 r (fm) A
£+ OPAL +— 1.0079%  0.76 £0.06
BEC from Zdecays |4 mix 0.65+0.04 0.45+0.07
Gaussian L3 3-7 mix 0.65+ 0.07 0.47 +0.08
parametrization L3 E, < 6GeV MC 0.46+001 0.29-+0.03
L3 E, < 6GeV MC 0.31+010 0.16+0.09
OPAL E, > 1,2-et mix 0.59+0.09 0.55+0.14

> L3: rgg < re+ and A\ggp < A+4, both 1.50

v

ALEPH, DELPHI find ry4 (mix)/re+(+—) ~ 0.68, 0.51

Applying this to OPAL ry4, OPAL ryg &~ roq and Agg =~ A4+

v

v

v

W.J. Metzger

L3-OPAL

- LHCb Workshop

L3 and oPAL 770 results disagree by 2¢

Ex

2-jet selection
OPAL: MC shows that few of selected 7’s are direct from string

20-22 Oct 2014



Another source of qq: W

ete™— WTW~ — qqlv

1.8 |
16

o~
014l

BE(W) = BE(Z —light quarks)

W.J. Metzger

2 L

12F -

L3

semi-hadronic

1 Z-udcs
i Z-all

05 1
Q [GeV]

If independent decay of WHw—,
i.e., no BEC between pions from different W’s

= p+(p1,p2) 1,2 from wt
+  p (pi,p2) 1,2from W™
+ pr(pi)p (p2) 1 from W', 2 from W™
+ pr(p2)p (p1) 1 from W™, 2 from W

Assuming p* = p~ = pyq, W separation ~ 0.1fm

= 202q(p17p2) + 2/’2q(p1 )/’Zq(p2)

Inter-W BEC — W decays not independent
= this relation does not hold.
Measure

° from

e po(p1,p2) from ete”™ — WHW— — qqlv

o y(P1)pag(p2) from pui(pi, p2) obtained by

mixing ¢*rqq and qq¢~ v events

- LHCb Workshop - 20-22 Oct 2014 - p.65



W W~ — qqqq

Measure violation of Compare to expectation of BEg> model

in PYTHIA
/Mt](Q) = 2p2q(o) + 2[)mix(Q)

> . ALEPHD'  -0.05£0.22
—e ALEPH Ap’ -0.180.35
by —e ALEPHR™  -0.23+0.41
— —o— [VDELPHI5 051024
—E 13D’ 0.08+0.21
Ap(Q) = p1(Q) = [2p2g(p1, P2) + 2pmix (1, P2)] 1 | s 002026
/)44(0) — +=— | OPALD 033045
D(Q) = +e—| OPALD  0.34%0.51
( ) 2p2q(Q) + 2[)mix(o) —— OPALAp  -0.01:0.46
—— OPALd  -0.13:0.56

Q) = —Ap( Q) X2/dof = 3.5/3

1(Q) = 2pmix(Q) - LEP 0.17+0.13
i E R T N

fraction of model seen

DELPHI: 0.51 +0.24 ~ 20
average: 0.17+0.13 ~ 1o
Conclusion: BEC (mostly) between =’s from same string

But event selection (4 separated jets)

suppresses small Q for 7 pairs from different strings

51(Q) measures genuine inter-W BEC

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.66



WW~— qqqq

DELPHI

3,(+,%)

12

0.8

06

04

—

a) | ;.0 b

r ) ii 14 — )
o L
: 12 |

ﬂ?ll * Data
I 1T mceean 1
H { MCBE-NO Inter-w 08 |H
[&‘ —  Datafit 06 1
4
BE-All fit

02 04 06 08 1

12 14 16 18 2

QlGev]

02 04 06 08 1

But conclusions are tricky: Also effect in (4, —)

W.J. Metzger

- LHCb Workshop

20-22 Oct 2014

12 14 16 18 2

QlGeV]
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Results — ‘Classic’ Parametrizations

Ro=v-[1+)Gl-(1+¢Q)

» Gaussian
G=exp (—(rQ)?

» Edgeworth expansion
G=exp (—(rQ)?) - [1 + 5 Hs(rQ)]
Gaussianif k=0
Fit: k = 0.71 £ 0.06

» symmetric Lévy
G=-exp(—|rQ|)

O<a<2
Gaussianif o =2
Fit:

CL:

L3 (®)

Poor y?. Edgeworth and Lévy better than Gaussian, but poor.
Problem is the dip of Rs in the region 0.6 < Q < 1.5GeV

W.J. Metzger - LHCb Workshop

20-22 Oct 2014

o e W P
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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

» 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* — Xx") be dist. of prod. points about their mean,
and H(r) the dist. of 7. Then the emission function is
S(x,p) = f;~ drH(r)da(x — aTp)p1(p)
In the plane—wave approx. F.B.Yano, S.E.Koonin, Phys Lett.B78(1978)556.
p2(p1,p2) = [ d*x1d*x2S(x1, p1)S(Xe, p2) (1 + cos ([p1 — po] [x1 — X2]) )
Assume da(x* — x"') is very narrow — a é-function. Then

Ro(pi, p2) = 1 +AReF/(a‘2C’2) F/(az,fz), H(w) = [ drH(7) exp(iwT)

v

v

v
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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 (AT|w])" (1 — isign(w)tan (F) ) +iwm] |

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»

Ro(Q,ar,a) = ’y{1+/\COS [M—Han (j) <ATQZ)

2 2 2

wf(32) 5o

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014
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BEC in the 7-model

R:(Q, a1, a) = ﬂ,/{1 + Acos [ﬂ +tan (5F) (A*Toz) @]
oxp [- (25%) "%} (1+<Q)
Simplification:
effective radius, R, defined by R?* = (47) 2%
Particle production begins immediately, 7o = 0

» Then

v

v

Ro(Q) = [1 + \cos ((Rao)2 ) exp (— (RQ)? )} (1 +cQ)
where R2" = tan (“F) R?
Compare to sym. Lévy parametrization:
Ro(Q) = [14 A 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 Slmpllfled T- model from LsZ decay

[ tan( ) Re | R, free

0.02 + {

] byt :

< 000+ ‘+T++ \ m HW ", ﬁ\ﬁ#&‘#ﬂﬁ H\ww T ‘\T\ \T,

] PR T g
o CQ@Gen) ' ' L Q@) 4
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3- Jet Results on Slmpllfled T- model from LaZ decay

F1’2 tan( )R2 R free
x2/dof = 113/95 I |
CL =10%

T T T T T T T T T T T T T T
0 1 R 3 4 Q 1 R 3 4

Q (GeV) Q (GeV)
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Full =-model for 2-jet events —a=1/m,
Ro(Q, My, M) =~y {1 + \cos [m +tan (5F) (ATZOZ) Mg+ ]

2(my m2) 2(myy m2)

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

» Fit R2(Q) using
avg my, My in each Q bin,

my > Mg
» 70 =0.00+0.02
sofixto 0
>
< OYOO:

—0.04 . . - . - .

2 3
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Full 7-model for 2-jet events

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

4

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

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

W.J. Metzger -

3 4GeV

LHCb Workshop - 20-22 Oct 2014



Summary of =-model

» 7-model with a one-sided Lévy proper-time distribution describes BEC well
» in simplified form it provides a new parametrization of R.(Q) for both 2- and
3-jet events,
> in full form for 2-jet events, R>(Q, mi1, M)
» both Q- and mi-dependence described correctly
> Note: we found AT to be independent of m
AT enters Ry as ATQ?/my
In Gaussian parametrization, r enters R, as r°Q?
Thus AT independent of m, corresponds to

» BUT, what about elongation?

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014



Elongation?

» Previous results using fits of Gaussian or Edgeworth found (in LCMS)
liae /1 = 0.8 for all events

» 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

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 -
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Elongation in the Simplified 7-model?

LCMS: @2=Q2 + Q3,, + @2, — (AE)?
e IR R TR B e

Replace RZOZ = A2 REQL + 51de quie + pout Ogul

Then in 7-model,
Ro(QL, Quides Qo) = [1 + \cos <tan ( ) A2 ) exp (—A2 )]

: (1 + GLOL + Eside Qside + Eoutcaout)

\?/dof cL
. _ r-model  Rue/RL— 061002 14847/14921 66%
for 2-jet events: Edgeworth  rue/n — 0.64+0.02  14891/14919 56%

consistent
Elongation is real

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 -



Direct Test of @?-only Dependence

1. Q@=Q%+ Q% + Q% where Q% = Q- (AE)?
inv. boosts along thrust axis
2. QP=Q@Q+Q@, +93  where g = Qu boosted () along
out direction to rest frame of pair
In 7-model, for case 1

Ro( Q. Quce: Qu) = 7 [1 4+ Acos (fan (57) B27) exp (-B)] b
where 82 = REEOEE + F')gde gde + Rgutogut

b =1 + FLI—IOLE + Eside Qside + €out QOUt

and comparable expression for case 2, R>(Q1, Qside; Gout)

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 -
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Direct Test of @?-only Dependence

Compare fits with all ‘radii’ free

to fits with all ‘radii’ constrained to be equal

case 1 « 0.46 + 0.01 0.46 +0.01
Rie (fm) 0.84+004  0.71+0.04
Rse./Rie 0.60 +0.02 1
Row/Re  0.986 + 0.003 1 difference
x?/DoF  14590/14538 14886/14540 Ay? =296/2
CL 38% 2% ~ 0
case 2 « 0.41 £+ 0.01 0.44 +0.01
R.(fm) 0964005  0.82+0.04
Rside/RL 0.62 £ 0.02 1
Tout/ RL 1.23+0.03 1 difference
x?/DoF  10966/10647 11430/10649 Ay? =464/2
CL 2% 1077 ~0

Dependence on components of Q is strongly preferred.

W.J. Metzger -

LHCb Workshop

20-22 Oct 2014 -
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Q Dependence

16

014
= ‘ b
e $ LI RSN WS ) * l #
Solr T

—01 4 + J

—0.2 t } t

02 + + F
S 01 H LI 'Y . 4 | F
+ 00 ¥ 4 % [
S 01 ' ) ' o + F
F-o2q[ = g-a x-735 +

03| a4 g,-q, X*-2376 + [

-04 T T T

W.J. Metzger

05
0,.9,.q, (GeV)

LHCb Workshop

RQ(QL-, Qsidea qout) vs.
QL for  Quige,Gour< 0.08 GeV
Qiiq. for QL,Gou< 0.08 GeV
Qow for  Q,Qsige< 0.08 GeV

Dependence on components of Q is

preferred.
lout > RL > Rside
Not azimuthally symmetric

- 20-22 Oct 2014 -
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Summary

» [, depends, to some degree,
separately on components of Q, i.e., on Q

» contradicts 7-model, where dependence is on Q, not on Q
» Nevertheless, 7-model with a one-sided Lévy proper-time distribution
succeeds:
» Simplified, provides a new parametrization of Rx(Q)
which works well
> Ro(Q, my, mye) successfully fits R. for 2-jet events
both Q- and m.-dependence described correctly
» But dependence of R, on components of Q implies
7-model is in need of modification
Perhaps, a should be different for transverse/longitudinal
x"(p*) = aTpH, a=1/m; for 2-jet

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 -
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Emission Function of 2-jet Events.

In the 7-model, the emission function in configuration space is

S 1.d*n 1 /m\3 L mX
S.7) = fargy = 7 (7) HOm (5="2)

For simplicity, assume p1(B) = py(¥)pp.(P)/N expt. —
(p1, py, pp. are inclusive single-particle distributions) Factorization OK

Then S(X,7) = #H(T)G(/I])/(I’)

Strongly correlated x, p = H(r)
n=y r=pr/m
3 =
G(n) = py(n) I(r)= () pp(rm/T) ol Ar— 1.56fm
T p—
So, using experimental p,(y), pp () dists. = 7 o

and H(r) from BEC fits,
we can reconstruct S.

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 -



Emission Function of 2-jet Events.

Integrating over r,

e 22 Integrating over z,

N a=047
7=0.07 fm A7=156 or 7=0357

10
e

i3

J— :
, -5
- & (fm)

“Boomerang” shape
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Emission Function of 2-jet Events.

Integrating over r, Integrating over z,

=001 fm =004 fm

S(ry,) (fm™)

A o o reiim "
10 - & (fm) : :
“Boomerang” shape -

Expanding ring

Particle production is close to the light-cone

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014
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LLA parton shower leads to a fractal in momentum space

fractal dimension, «, is related to o 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 -model —-
fractal in configuration space with same

» generalized LPHD suggests particle dist. has same properties as gluon dist.

Putting this all together leads to Csrgd etal.
21
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 PDG

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.86



A Comment

» 7-model is closely related to a string picture

» strong x-p correlation
» fractal - Lévy distribution

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

» suggests that BEC in pp is (mostly) from string fragmentation

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.87



Summary

-

» R,(Q), not R»(Q) is a reasonably good approximation
» But sym. Gaussian, Edgeworth, Lévy R.(Q) do not fit well

» 7-model with a one-sided Lévy proper-time distribution
» Simplified, it provides a new parametrization of Rx:

» Works well with eff. R, R, for all events;
» with only eff. R for 2-jet events.

» R(Q, m;) successfully fits R, for 2-jet events

» both Q- and mi-dependence described correctly
> Note: we found A7 to be independent of my
AT enters Ry as ATQ?/my
In Gaussian parametrization, r enters R, as r°Q?
Thus AT independent of m, corresponds to

» Emission function shaped like a boomerang in z-t
and an expanding ring in x-y

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014
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Multiplicity/Jet/rapidity dependence in 7-model

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

To stabilize fits against large correlation of parameters « and R, fix a« = 0.44

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 -
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Jets

Jets — JADE and Durham algorithms

» force event to have 3 jets:
» normally stop combining when all ‘distances’ ey ens
between jets are > yeu

» instead, stop combining when there are only 3 __|

25000 |

20000 |

jets left
> yo3 is the smallest ‘distance’ between any 2 of ™F
the 3 jets so0 [
> Vo3 is value of y.,, where number of jets e N N VUNUETY IV IV BT WY
log10(y23) Durham

changes from 2 to 3
define regions of y2, (Durham):

yay < 0.002
0.002 < y& < 0.006
0.006 < yp < 0.018
0.018 <y

narrow two-jet

less narrow two-jet
narrow three-jet
wide three-jet

or
yiy < 0.006  two-jet
0.006 <y  three-jet

and similarly for y3, (JADE): 0.009, 0.023, 0.056

W.J. Metzger -

LHCb Workshop

- 20-22 Oct 2014 -
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Multiplicity dependence in 7-model

Using simplified 7-model, « = 0.44, 7o = 0 L3 PRELIMINARY
"E\O,Qf o @@

% on. o 80
4

0.7

0.6

10.
t
N

R increases with multiplicity

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.91



Multiplicity dependence in 7-model

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

11

1.0
~—0.9+

R 084

#

0.7+

0.6

. . . .
o all
® all, weighted 1/ N,

WL

0]

08

R increases with multiplicity

W.J. Metzger -

1.
t
Na

LHCb Workshop

20.

L3 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.
- 20-22 Oct 2014 - p.92



Multiplicity/Jet dependence in 7-model

Using simplified 7-model, « = 0.44, 7o = 0 L3 PRELIMINARY

11 11

JADE Dutharm

104 L 104
fE\o.g R 5 O ) r fE\o.g b o @ €]
a2 @ a2 [0}
o6 $ @@®® ' Ros $ @@@G)

07 $ 5 07 $

06 : ; : ; . , : 06 : ; : ; . , .

0. 5. 10. 15. 20. 0. 5. 10. 15. 20.
Nt Ne

» Rincreases with N, and with number of jets
whereas OPAL found ryjet approx. indep. of Ng,

» Increase of R with N, similar for 2- and 3-jet events
» However, Rsjet = Ra

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.93



Multiplicity/Jet dependence in 7-model

Using simplified 7-model, « = 0.44, o = 0 L3 PRELIMINARY
JADE  LE ) Durham | © * |
084 r 0.8+

<07 é @@®@% o @% <07 % ©@®@% o @%

0. 5. ]\}{E}ét 15. 20. 0. 5. ]\;{E}%L 15. 20.
> > \ojet  Opposite of OPAL
» \initially decreases with N
» then )y and approx. constant

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

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.94



m, dependence in 7-model
Using simplified 7-model, « = 0.44, 7o = 0 L3 PRELIMINARY

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

' JADE 2-jet, yJ, < 0.023 ' JADE 3-et, yJ, > 0.023
23 23

0.9 %@ 09 ‘% % o €]

0.8 - * 4 ?; o © ® 3 0.8+ 83@@ oo
;5\0.7 $$ ®¥© ﬁ d] 3 Eov— o 0
< . : §

05 d] 054

0.4 : | 04 T d]

» 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)

L3 PRELIMINARY

" , , , 11 , , ,
] : 7 . 5
| JADE 2et, yi, < 0.023 | JADE 3et, yl; > 0.023
0s] ¢ 091 & i o &0
087 4 %0@ % o © ©$ 0.8 % 8@© 6 o
1 v
<07 @é i 0 < o7 % 0 o o
1 o
0.6 + 0.6 -
0.5: b 054
| A p,<05 GeV A p,<05 GeV
0.4 4 V. py<0.5 pp>05 GeV |1 0.4 dﬂ VvV py<05 pp>05 GeV |l
o allp, o all p,
O po>05 Gev O p>05 Gev
0.3 T T 0.3 T T T
0. 5. 10. 15. 20. 0. 5. 10. 15. 20.
Nt o
» )\ decreases with m;
smallest when both particles at high p,
W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.96



On what do r, R, A\ depend?

» r, Rincrease with Ng
> r, Rincrease with Nigts

tr &
» for fixed number of jets, R increases \
with Ny, but r is constant (OPAL) +H,HW .
» r, R decrease with m; 3

» Although m, Nen, Niets are correlated,
each contributes to the A
increase/decrease of R
but only my, Nigts contribute to the
increase/decrease of r

<m3> (GeV)

» ) decreases with Nch, Niets
for

7-model, Gaussian (OPAL)
» )\ decreases with m,

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 -



Jets and Rapidity

order jets by energy: £; > E> > Ej

Note: thrust only defines axis |7ir|, not its direction.

Choose positive thrust direction such that jet 1 is in positive thrust hemisphere

rapidity, yg, of particles from ‘g>_
jet 1,je[t) 2, jet 3: q

5y < 0.002 0.002 < yPy < 0.006 0.006 Qy;g < 0.018 0.018 < yb
E— e e — —
mmmmmmmmmmm (6 13%g | e (1% | [reemamecn 1o 13%g
Jet 2 8%g Jet 2 14%g |t 2 22%g
Jet 389%g Jet 3.84%g Jet 3 74%g
6 -4 2 0 2 4 6 4 2 0 2 4 6 4 =2 0 2 4 r
Ye Ye Ye
» yg > 1 almost all jet 1 almost all quark
» yg < —1 mostly jet 2, some jet 3 mostly quark

W.J. M;zger_1 <y <1jet3 eméﬁpoﬁgw - 20-22 Oct 2014 largely gluopﬂaa



Jets and Rapidity — simplified 7-model - 3 preliminary

To stabilize fits against large correlation of «, R, fix a = 0.44
Select part|cle pa|rs by rapldlty of pa|r

m ally, all @ JADE
Ayl L With ygS’
o Uiiya ° +¢ > ally: Ri
oo O L N H \ . | all y: Rincreases
* * v " u > ‘pure’ qjet, yg > 1,
—~ [ i J
g L t or yg < —1 & y55 small, or
08 *. + L ¥ < —2: Rconst.
~ *+ + + ‘ + * > R—1<yp_<1 > H‘pure’q
o % % > Ry.<_1 increases
> atlarge y5,
Ty 0.009 0023  |Vzs | Rot<ye<t = Rycn
06 <O 009 <0. 023 —0. 023 all yza —0.056 >0.023 | >0.056

Conclusmn (Durham agrees)
Increase in R with y3, is due to appearance of gluon jet

W.J. Metzger - LHCb Workshop - 20-22 Oct 2014 - p.99



7-model elongation — L3 preliminary

10 L Il L Il L 1\1 11\ L L
®  Durham LCMS alleg | alys
e JADE LCMS
0.8 & # L
—
X
~ | + |
3
el
X
0.6 +
Tvzs + 0.009 0023  |¥zm I
<0.009 | <0.023 | —0.023 |all yl, |-0.056 | 30.023 | >0.056
Yo 0.002 0006  |Y2s
0.4 <0002 | <0006 | ~0.006all y2, |-0.018 | >0.006 >0.018

» Durham, JADE agree
» Elongation decreases with yz3, Rsige = 0.5-0.9 Rigng
» agrees with Gaussian/Edgeworth

W.J. Metzger

LHCb Workshop

20-22 Oct 2014
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