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BEC — ‘Classic’ Parametrizations

Ry = 2BuLe) — o [1 4 AG]- (1 + €Q)

e Gaussian
G=exp (—(rQ)?
e Edgeworth expansion
G=exp (—(rQ)?)-[1 + 5 Hs(rQ)]
Gaussianif k=0 x=0.71 £ 0.06
e symmetric Lévy
G=-exp(—|rQ|"),
is index of stability
Gaussian if o =2

Cannot accomodate the the dip of R in
the region 0.6 < Q < 1.5GeV

O<a<2
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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'(pt) = aTpt

where for 2-jet events, a=1/
7=/ — 72 is the “longitudinal” proper time
and m = \/E2 — p2 is the “transverse” mass
Let 6a(x* — Xx") be dist. of production points about their mean,
and H(7) the dist. of 7. Then the emission function is
S(x,p) = J3~ drH(r)éa(x — aTp)p1 (p)
In the plane-wave approx. F.B.Yano, S.E.Koonin, Phys.Lett.B78(1978)556.
pa(p1,p2) = [ d*x1d*x2S(x1, p1)S(X2, p2) (1 + cos ([p1 — po] [x1 — X2]) )
Assume da(x* — x") is very narrow — a §-function. Then

Ro(pi, ps) = 1 +AReI:I<a‘2C)2) ;,(.322@2)7 H(w) = [ drH(r)exp(iwr)
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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 [—3 (Ar|w|)" (1 —isign(w)tan (F) ) +iwmo] ,

where

e « is the index of stability,

e 79 is the proper time of the onset of partlcle production;

e A7 is a measure of the width of the distribution.

e Then, R. depends on Q, ay, a»

_ o @(ar + a) ATQ?\ a) + a
R(Q, a1, a) = 7{1+/\cos[f+tan(2)( 5 5

ol (52) 55} 0o
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BEC in the 7-model

Ro(Q, a1, a) = /{1+/\cos[m+tan( )(ATTOZ) @]

-exp [_ (ATOZ) %]} C(1+ Q)
Simplification:

effective radius, R, defined by R?* = (47) %
Particle production begins immediately, o = 0
Then

Ro(Q) = [1 + )\ cos ((Rao)2 )exp (— (RQ)? )} C(1+¢Q)
where R2" = tan (“F) R?
Compare to sym. Lévy parametrization:
Ro(Q) =~ [1 + exp (—|rQ| )] (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)

ISMD XLV p.5
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2-jet Results on.Simplifi

d T;model.from L3 7 decay

0.8

F?f = tan ( ’T)Ff

R, free

0 /Y A 1
= e }1 PO M LW A M\ﬁ il { % il
002 ] w* me% NHH IT+ mWH WW‘ THH WWHT: 00z P ++ + ++ H +
0 1 Q (Gzev) 3 4 0] Q (Gzev) 3 4
Rf = tan (7“) R? agrees well with data L3, EPJC 71 (2011) 1648
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3-jet Results on Simplified 7=model.from L3 Z decay
R2" =tan () R? R, free
X 2/dof =113/95
CL = 10% i
S
< oiooi Mm“ . +M+ ++$++++++1+Hl +\MHH*\ uﬂh H]i < o:ooz+ ) ¢ ; + + + HHH:
1 wa W Ty T+ THm Tﬁgw, 1 o R R LA | !
—0.02t * [ 70,02i .
0 1 Q (éev) 3 4 1 Q (éev) 3 4
R2* =tan (5F) R?" agrees less well with data L3, EPJG 71 (2011) 1648
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BEC in ete™ and pp

Use (mostly) simplified 7-model
with o =0
o L3:ete” at/s=M,
e 0.8-10° events
e Durham y., = 0.006:
0.5-10° 2-jet events
0.3-10° > 2 jets, “3-jet”
e mixed event ref. sample
o ATLAS: pp at /s = 7TeV
Astalos thesis  nipundihandienev2066/143448

e 107 min. bias events

e Inl <25

e opposite hemisphere
ref. sample

(unpublished)
and not approved by the collaborations
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L3 2-jet‘
.l R =tan () R?
x2/dof = 95/95
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—All pp min. blas 7

Data2010 V6o 7TeV’
1.6] p, > 100 MeV, Q=20 MeV, n, >2
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anticorrelation region also in pp — only —-model with R,*fi®¢e describes it alsey
BEC peak best described by 7-model with R, free and sym. Lévy
BEC peak next best described by a quantum optical exponential parametrization

and by 7-model

Only 7-model with R, free describes entire range of Q

ISMD XLV p.9
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Multiplicity dependence

pp, various parametrizations

ete™ simplified T-model

E
3 4
2 + ¢

Nohs:)'z,4o+ov‘g11vch “ =
pp: shape of R vs. Ny

parametrization

pp: value of R is different — different meaning

parametrizations

shape in eTe™ similar to pp

sym. Levy

BACKUP

3.5

2.5

1.5

quantum optical exp

different ref. samples give similar shapes
except ULS flattens at high N,

ISMD XLV p.10
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Dependence on Kk = Prpair/2 = [Pt + Pi2|/2

pp — conventional parametrizations

Un-Like Sign ref. sample ~ OHP ref. sample
exponentlal sym. Levy optlcal exponentlal

E 35 E ‘ Tatlas | ‘E;7"|’ev E g 450 p, >1oo MeV, Q>20Me\/ n, ‘ g 2.5:—p >1oo MeV, Q>2OMeV 0,22 ‘ *
LB p, 2100 MeV, <25 3 261 E
sEHTL 2 4 24f E
=i- ’ a5 22 E
sk ] F JHT 2L + Jr E
3 18 E

) 2,5E ++$+ 1'6; +
3 200 400 600 800 1000 145 0 400 600 860 10‘007
kr [MeV] k; [MeV]

Astalos thesis .
exponential

e exponential parametrization: E 5 T io0mev, 0z onev. 22 3
ULS ref. sample: ~ decreases with k. (all Nep) ssf TR E
. . . 30 +OHPR, |
with other ref. samples, R is first constant, then sb . TR . ]
increasing with k bt E
o other ‘classic parametrizations’: R increases 3 E
with k e
100 200 300 400 500 600 700 800 90

k; [MeV]
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ki = |pr + pr2| /2 dependence

simplified 7-model

e*e”, w.rt. thrust axis pp, w.r.t. beam direction
R, constrained ete™, R, free R, free

N E 100}przio‘OMeV,Q‘zzoMeV‘,nwzz ‘ 4

09 % $ Boestie 1 4 Vi 80; :

7 i P e sof ]

= * ¢ #’ 10 Ve r 1

I WIS R :t% ]

o8 ] 20 B

* ERTL A T T4

or 06 '2007 200 40 00 800 1 000

T o ™ AL e o % ko ]
in e"e~ dependence of R on k, depends on ‘jettiness’

inete~ R decreases with k.

inete™ 2-jet and in pp R first increases slightly and then falls with k..
k. dependence of R is dependent on parametrization and on ref. sample
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ete™, + thrust axis = hemisphere of jet with highest £
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Dependence on the Rapidity of the pair

—

q

. Fl’auy and Fl’y<,1
increase with yog3

e but /,. constant
with Vo3

o 2-]6'[ F?y -1 = Hy<_1

R_1<y<1 > Hy>|1| for 2-jet
I gluon mini-jet in ‘2-jet sam-
ple’?

1.0 —
B all yg
v oyy<—1
o <yl +¢
0.9 ® *‘
[ |
fl " o
Eoe| @ "
N .
S \
0.7 *
Yo 0.002 0.006  |Y2s
0 L <0002 | <0.006 | =0.006 |all y |=0.018 | >0.006 | >0.018
3 5. 3. 1 1 3. 7.
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Simplified 7-model in LCMS

In 7-model: R?Q? = R?Q? + R2,.Q2%,, + R2, Q3

side “side out

11 L L 10 L

L L L
B  Durham LCMS B Durham LCMS

1.0 r +
0.8 | ]
—~ o
g . . §
= N
o9 * [ ] * L N +
S m " 3
= =
064 [ ]
08+ r *
Y2 0.002 0.006 |Ym " 002 boos |2
E) . . )
070002 | <0006 | —0006lall y3, |-0018 | >0.006 >0018 0.4 /<0002 | <0006 | —0.008lall 33, |[=0.018 | >0006] >0.018
-, -5. -3. -1 1 3. 5. 7. . -5. -3. -1 1 3. 5. I3
Yqzs Selection Yes Selection

e Ry constant with yo3

Riae increases with yo3

Agrees with conclusion that increase is mainly due to harder gluon:

Gluon makes event ‘fatter’

ISMD XLV p. 14
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Effect of fit range

BeS|des ref. sample another large systematic effect is the choice of fit range

T I e : Using the opposite hemisphere ref. sample,
~iheww 4 and Exponential parametrization:
—weser 10 Qu (GeV)  Qexcl. R (fm) A
E 2 - 2.02+0.01 0.70+0.01
"""""""" E 3 - 228+0.01 0.784+0.01
0.5-3.0 230+£0.02 0.77+0.01
5 0.540 229+0.02 0.76+0.01

QlGev|

Qu = 2, 3: baseline tries to describe
anticorrelation

Qu larger, with excluded regions can
lead to stable results,
but this is simply bricolage

(©

ee Pgrametrization is just wrong

ISMD XLV p.15
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Effect of fit range
Better to use a parametrization that fits (better): 7-model with R, free
and Q sufficiently beyond the anticorrelation region
Using the opposite hemisphere ref. sample,

. S 17E
g e 3 [
< AR 3 E o\
1 16F )
3 150
1 14F

= I

3 12F

1.1

£ N E
0 0.05 0.1 0.15 0.2 0 1 2 3 4

¢ ‘o Q[Gev] Q[Gev‘]
Qu 2GeV 3GeV 4 GeV 5GevV
e 0.108 £0.001 0.186 +0.005 0.235+0.003 0.261 +0.003
R (fm) 17.8+0.7 6.7+05 41+0.2 3.3+0.1
R, (fm) 43.4+1.2 3.0+0.2 1.80 £0.04 1.52 +£0.02
A 3.08 +£0.05 1.91£0.10 1.36 £0.05 1.15+0.03

e much less dependent on fit range than other parametrizations
e « quite different from e*e~ 2-jet value of 0.41 + 0.0273%

ISMD XLV p.16
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Anti-Correlation Region

In addition to L3 observation of anticorrelation in eTe™ (E.ns = My),
CMS has observed it in pp min. bias at 7 TeV  uuep o5 (201120

Now it is also seen in ATLAS data  astaios thesis)

In addition to / Instead of the space-momentum correlation of the 7-model,
anti-correlation can also be caused by the finite size of pions  siatas, zatewsk
Detailed investigation of the anti-correlation may resolve this.

Use simplified 7-model, 79 = 0 to investigate anticorrelation region

inete™: L3 data, 0.8 - 108 events,
in pp: ATLAS data (Astalo$ thesis) 107 events, || < 2.5

BACKUP

We compare fit results with R, free, since they provide the best description of

the anti-correlation dip.

ISMD XLV p.17
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Anti-Correlation Region
ete” jet dependence:

— 108 . .
— Sheoone —
17 — K’iﬁé’f&” <0023 f— <5023 0023
0.023<y5,<0.056 sl ]
——— 0.056<yh — 8:%2%
ns'100
08 : 095 . .
0 1 2 00 05 10 15
Q (GeV) Q (GeV)

Going from narrow 2-jet to ,
anticorrelation region becomes deeper and moves slightly lower in Q

ISMD XLV p.18
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Anti-Correlation Region — Multiplicity dependence

e+e 2 Jet (y23 < 0.023) _pp min. b|as
11 110
::.,, ":11.“
=4 =i
B — i
— i

09 . . 090 v T - T r
00 05 10 15 00 05 10 15
Q (GeV) Q (GeV)

anticorrelation region is deeper and at higher Q in e*e~ than in pp
with increasing N minimum moves to lower Q (effect is larger in pp than inete™)

and becomes less deep (also seen by CMS)

ISMD XLV p.19
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Anti-Correlation Region — k; dependence
ete 2-jet (y35 < 0.023) ~_ppmin.bias

105

11

|
pedoes
o
o,

09 T . 095
00

00 0.5 Q (Gev) 10 15
in eTe™ anticorrelation region shows little or no dependence on k;
in pp the depth decreases with k;

but the position of the minimum is approx. constant
ISMD XLV p.20
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Conclusions/Comments/Lessons

1. 7-model
e 7-model is closely related to a string picture
e strong x-p correlation
e fractal - Lévy distribution
o BEC in pp (cms, astaios aTLAS thesis) are described by simplified 7-model formula
Of all parametrizations tried, only 7-model with R, free describes the data.
o suggests that BEC in pp is (mostly) from string fragmentation
2. Ref. sample is important
e Comparison of results using different ref. samples is very problematic
e Agreement among LHC expts. would facilitate comparisons, e.g.,
e central rapidity vs. forward rapidity
° pp, pA, AA
3. Anticorrelation region is important
e To study it
e Look beyond Q = 2GeV — at least to 3, preferably to 4 or 5 GeV
e Do not use Unlike-Sign ref. sample
o |t depends on N, ki, jets. What else ?

L]
4. R depends on
o inefte : Nets, Nen, ki, rapidity
e inpp: Nen, k.
(mini)jets, rapidity, color reconnection, Netings, COlor ropes
ISMD XLV p. 21
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Quantum Optics parametrizations

In addition to ‘classic’ and 7-model parametrizations,
Robert Astalo§’s thesis includes fits of parametrizations based on a quantum
optical approach Weiner, Phys. Rep. 327 (2000) 249

e Gaussian
Ro(Q) x 1+ 2p(1 — p) exp(—RPQ?) + p? exp(—2R?Q?)
e Lorentzian in R, exponential in Q
Re(Q) o 1+ 2p(1 — p) exp(—RQ) + p* exp(—2RQ)

p is the degree of chaoticity of the pion emission

Note that for p = A = 1 these reduce to the ‘classical’ Gaussian and exponential
parametrizations

Like the ‘classical’ parametriazations, these parametrizations cannot
accomodate anticorrelation

ISMD XLV p.23
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Dependence on ki = Py pair/2 = |Pr1 + Pr2|/2

pp — conventional parametrizations

OHP ref. sample

BACKUP

sym. Lév optical exponential
_exponential _ ym. Levy _ optical exponenti
n E F 1
= [ 3 = r = 28 =
5 3‘5? ATLAS ‘E o "re\/ 7; = 4,5: [ 100 MeV, Q= 20 MeV, n,z2 b= E P2 100 MeV, Q=20 MeV, n,z 2 E
s+ P, 2100 Mev, <25 ] 3 26F E!
E . E| T 24F B
25k 3 r s ]
o E 3.5 22 E
15 3 ; o Jr E
S E o 18- ++ E
05F El 3 1.6:— E
OE El 25 L 3
jmrk L L L L L L L = L |
02 04 06 08 1 12 14 16 200 400 600 800 1000 4 200 400 600 860 10‘00
k; [GeV] k; [MeV] kr [MeV]
ATLAS, Arxiv.1502.07947v1 -
Astalos thesis .
MiX  s.Padula, wpcF2014, Arxiv:1502. 05757 exponential
T : . T e 1
4 CMS Preliminary pp%227§$hv<g7 Te.V— £ 45 p2100Mev,Q220MeV,n, 22 E
A 10=Nch<24 4 ULS E +ULSR, E|
I ¢ 25sNchs79 + 7 3.5F ROT F‘i E
. ] @i Ny) 4 o ;
£ 2} E A £ +MIXR, ]
T & : 250 7 L
o with other ref. samples, R Eeo. L, L ]
0l . ; ok ot % E
i 1 increases with k; o E
F\("Expcner‘ﬂa\ ) ) ) ‘: 1; é
02 03 04 05 06 07 100200300400 500600 700" 806" 0

& 0(GeV)
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Jets and Rapidity
order jets by energy: £y > Ex > Ej
Note: thrust only defines axis |7ir|, not its direction.
Choose positive thrust direction such that jet 1 is in positive thrust hemisphere

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

5y < 0.002 0.002 < yPy < 0.006 0.006 ngs < 0.018 0.018 < yb
— - e = o = o
e s ot 13%g - ot 12%g e 1ot 1 3%g
Jet 28%g Jet 2 14%g Jet 2 22%g
Jet 3 89%g Jet 3 84%g Jet 3 74%g
R R N R R R T R R I S R B k
Ve Ye Ye
e yg > 1 almost all jet 1 almost all quark
e yg < —1 mostly jet 2, some jet 3 mostly quark

ISMDXVp25l — /. — 1 12at-2 anrichead laraealyvy aliinon
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- R2N2 2 QE 2 2 2 2
In 7-model: RQ° = RF Q¥ + R, Qe + R Qs
11 . L L 10 L L .
®  Durham LCMS ®  Durham LCMS
e JADE LCMS e JADE LCMS
10+ # ‘ #
+ 0.8 » r
—~ a
: ' # ¢! N
o9+ ‘ [ ] * t N +
S . § °
& &
06 ‘
08 yt, 0.009 0023 |V [ *
<0009 | <0.023 | —0.023 |all ¥}, [-0.056 | 0023 | >0.056 R t 0000 023 |yk
v 0.002 00068 [V 50000 | <0023 | <0023 |all wh, | ~0056 | 50023 | >0.056
Y X Y
0| <0002 | <0.006 | —0006[all y |-0018 | >0.008 >0018 0 Zo.002 | <0008 | —0006lall 2 |—00i8 | >0.008 0018
-7, -5. -3. -1 1 3. 5. 7. -, -5. -3. -1 1 3. 5. k3

Yoz selecfion
e Durham, JADE agree
e Ry constant with yog

Yz Selection

Rside iNncreases with yos

Agrees with conclusion that increase is mainly due to harder gluon:

Gluon makes event ‘fatter’
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Jets

TauModel L3-Atlas

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

jets left
e o3 is the smallest ‘distance’ between any 2 of

the 3 jets
e y»3 is value of y., where number of jets

changes from 2 to 3
define regions of y, (Durham):
y2 < 0.002 narrow two-jet
0.002 < y5 < 0.006 less narrow two-jet
0.006 < y& < 0.018 narrow three-jet
0.018 < y2 wide three-jet
and similarly for y3, (JADE): 0.009, 0.023, 0.056

or
yiy < 0.006  two-jet

0.006 < y» three-jet

ISMD XLV p.27
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Results from Rz, \/E = MZ (Gaussian parametrization)
ws e :
1071 o L3
0ol © oOPAL

solid = corr. m purity
mixed ref.

0.8 +— ref.

0.7 4

open = stat. error
filled = tot. error

< 0.65 <F§‘>
O'5i Q&g
0.4 @ @g «@» ‘&@

‘

0.34 b
1 T
0.2
0.1
0.0 T T T T T T T T T T T T T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10 L1
r [fm]

— correction for 7 purity increases A
— mixed ref. gives smaller A, r than +—ref.

Average means little

ISMD XLV p.28
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