
Mul$dimensional-analysis-of-Bose1
Einstein-correla$ons-in-pp-collisiosn-

at-2.76-and-7-TeV-in-CMS-
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Briefly-revisi$ng-the-basic-HBT-concepts-

– Correlation Function:  •  Detec$ng-two-iden$cal-
bosons-emiWed-from--
sources-1-&-2-at-A-&-B-

•  Two1boson-correla$on-
func$on----------reflects-
source-dimensions-
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•  Experimentally--
-

-
-
-
-
-

-

–  Background-(reference-sample)-pair-selec$on-
»  Same-event,-≠-charges-(-!-resonances)-

»  Rota$on-of-1-track-of-the-pair-

»  Mixed-events-(-"-)-
-

–  Double-ra$os----------reduce-bias:-
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Data-and-MC-samples-–-Track-selec$on--

•  Track-selec$on-cuts----
#  Tracks-associated-with-most-populated-vertex-
#  χ2-<-5-
#  dxy<-0.15-cm----------------------------------------------------------------------This-analysis:-
#  Rmin->-20-cm--------------------------------------------------------------charged-hadrons-(h±)-
#  pT->-0.2-GeV/c----------------------------------------------(assumed-to-be-dominated-by-π’s)-
#  η-<-|-2.4|-

28/08/2014- WPCF-2014-1-Gyöngyös,-Hungary- 4-

√s-
pp-collisions--

Data-Sample------------------Monte-Carlo-
2.76-TeV- Minimum-bias/2013-(3.4-M)- Pythia-6-Z-–-2-tune-(2-M)-

7-TeV- MB-Commisssioning-Run-(23-M)-

7TeV- -MB-2010-A-(23-M)- Pythia-6-Z-–-2-tune-(23-M)-

7-TeV- MB-2010-B-(4-M)-



Extrac$ng-results:-fit-func$ons--–-1D-

28/08/2014- WPCF-2014-1-Gyöngyös,-Hungary- 5-

–  Symmetric-Lévy-stable-distribu$on-with-index-of-stability"a-

#  rela$ve-and-average-momenta-of-the-pair--

#  Limit-a"=1-$-exponen$al-func$on--

Fourier"transform"of"Cauchy3Lorentz"source"

#  Limit-a"=2-$-Gaussian-distribu$on-

Fourier"transform"of"Gaussian"source"
"
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Fit-func$ons-summary:--1D-–-2-D-–-3D-

28/08/2014- 6-

•  Lévy-distribu$on-with-index-of-stability"a"
–  a"="1"!"exponen;al";"a=2"!"Gaussian-

#  1D-

#  21D--

Stretched"Exponen;als"
#  3-D-

o  (in-the-LCMS-$--kL=(k1L+k2L)/2=0-and-cross1term-disappears-for-sources-
symmetric-in-longitudinal-direc$on)-

"

a"=-1-
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Summary-of-results-in-11dimension-

7-WPCF-2014-1-Gyöngyös,-Hungary-28/08/2014-



11D-Single-and-Double-Ra$os-in-pp-@-2.76-TeV-

8-28/08/2014-

Signal"distribu;on"
-

Reference"sample"(mixed"events:"similar"Nch""within""same"η"range)"

#  Single-ra$os-indata-and-in-MC---------------------------�-Double-Ra$o--
-

(GeV)
inv

Q
0 0.5 1 1.5 2

Si
ng

le
 R

at
io

0.8

1

1.2

1.4

1.6

1.8

2

data
mc

η∆Ref: Same Track Density in 

CMS Preliminary
pp@ 2.76 TeV

(GeV)
inv

Q
0 0.5 1 1.5 2

D
ou

bl
e 

R
at

io

0.8

1

1.2

1.4

1.6

1.8

2

Fit: Exponential
η∆Ref: Same Track Density in 

pp@ 2.76 TeV
CMS Preliminary

WPCF-2014-1-Gyöngyös,-Hungary-

    
Rexp Q = k

1
−k

2( ) =
S(k

1
,k

2
)

B(k
1
,k

2
)

FS
Q
11
31
00

21
PA

S-



Double-ra$os-and-fit-parameters-Rinv-and-λ-

9-

–  1D-Double-ra$os-inves$gated-
#  pp-collisions-at-2.76-and-7-TeV-

#  differencially-in-Nch-and-kT-bins-

#  Fit-func$on:-exponen$al-

#  Uncertain$es-in-plots-below-
o  sta$s$cal-$-error-bars-
o  systema$c-$-shaded-rectangular-areas-
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Double-ra$os-and-fit-parameters-Rinv-and-λ-

10-

–  1D-Double-ra$os-inves$gated-
#  pp-collisions-at-2.76-and-7-TeV-

#  differencially-in-Nch-and-kT-bins-

#  Fit-func$on:-exponen$al-

#  Uncertain$es-in-plots-below-
o  sta$s$cal-$-error-bars-
o  systema$c-$-shaded-rectangular-areas-

28/08/2014- WPCF-2014-1-Gyöngyös,-Hungary-

–  Summary-of-results:-
#  Radius-fit-parameter-–-Rinv--

o  -increase-with-Nch-

o  decrease-with-kT-
#  Intercept-parameter-–-λ-

o  decreases-with-Nch-(3-bins-only)-
o  decreases-with-kT-
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Radius-fit-(exponen$al)-parameter-vs.-Nch-

#  Curves:-Rinv-=-a-Nch
1/3-–-comparing-results-at-0.9-TeV,-7-TeV-and-2.76-TeV-

o  KT-integrated-results-(error-bars:-sta$s$cal-and-systema$c)-
o  Rinv-%$-increase-par$cle-produc$on-with-increasing-collision-energy-(≈-scaling-w/-√s)--

#  The-propor$onality-parameter--
a-in-of-R-as-a-func$on-of-Nch

1/3-
o  at-0.9-TeV---

-a=[0.597-±-0.009]-(fm)-

o  at-7-TeV-------
a=-[0.612-±-0.007)]-(fm)-

o  at-2.76-TeV--
a=-[0.578-±-0.005]-(fm)-

o  at-7-TeV-(new-results)-
a=-0.-621-±-0.001--

(in-a:"sta$s$cal-uncert.-only-)-

-

11-28/08/2014-
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JHEP05(2011)029
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Double-Ra$os-(Qinv):-study-of-the-an$correla$on-

12-28/08/2014-
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η∆Ref: Same Track Density in 

dip"structure"!"""

confirmed"in"pp"collisions"

"at"2.76"TeV""
-

o  exponen$al-fit-(with-long1range-term)-$-red;-τ1model-$-black'

o  Csörgő-&-Zimányi,-N.P.-A-517,-588-(1990);-Metzger-et-al.,-P.-L.-B663,-114-(2008)-]-
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Quan$fying-the-dip’s-depth-

28/08/2014- WPCF-2014-1-Gyöngyös,-Hungary- 13-
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–  Dip’s-depth-(integrate-in-kT)-
o  published-results-(0.9-&-7-TeV)-[JHEP-05(2011)029]-

+-new-results-at-2.76-TeV-and-at-7-TeV-[FSQ11310021PAS]-

–  Summary:-
#  previous-and-new--

results-$-consistent-

#  ≈-scaling-with-√s-

#  dip’s-depth-$-decrease--
with-Nch-

-

(error-bars-$-systema$c)-

FSQ11310021PAS-



Summary-of-results-in-21dimensions-

14-WPCF-2014-1-Gyöngyös,-Hungary-28/08/2014-



21D-DR(qT,qL):-kT-and-Nch-integrated-
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2D-results-with-stretched"exponen;al"fit-func$on-

16-

–  For--R(*)L-&-RT:-
-

–  CM-frame-
# &-as-Nch-& 
# '-as-kT-& �

(for-large-Nch)-
#  RL-<-RT-

–  LCMS-

# &-as-Nch-& 
# '-as-kT--& �

(for-larger-Nch)-
#  Integrated--

in-kT-,-Nch:-
#  R*L->-RL-
#  R*L->-RT--

(LCMS) 
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2D-results-with-stretched"exponen;al"fit-func$on-

28/08/2014- 17-

–  For-the-intercept-λ(*)--
-

–  CM-frame-
# '-as-Nch-& 
#  -almost-flat-as-kT-& �
 

–  LCMS-

# '--as-Nch-& 
#  slight-decrease-as-kT-& �

(for-larger-Nch)-
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The-an$correla$on-in-21D--DR-(qT,qL)-1-LCMS-

18-
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31D-Double-Ra$os-(qO,-qS,-qL)-–-in-LCMS-at-7-TeV--
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Results:-RS,-RL,-RO-from-different-fit-func$ons-
#  In-the-CM-frame-(integrated-in-kT-bins)-

#  In-the-LCMS-frame-(integrated-in-kT-bins)-
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Results:-RS,-RL,-RO-from-different-fit-func$ons-
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#  In-the-CM-frame-(integrated-in-Nch-bins)-

#  In-the-LCMS-frame-(integrated-in-Nch-bins)-
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Results:-λ,-λ*-from-different-fit-func$ons-
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Compila$on-of-the-31D-results-

•  Fits:-Gaussian,-stretched-(Lévy:-a=1)-and-simple-exponen$al-
–  Radius-parameters-RO,-RS,-R(*)L-in-CM-frame-and-LCMS-(streched-

exp.)-
#  RO,-RS,-RL-(kT-integrate)-&-as-Nch-&-in-both-frames-and-all-three-fit-func$ons-
#  RO,-RS,-RL-(Nch-integrate)-vs.-kT:-

o  RS-$-almost-insensi$ve-to-Nch-

o  RO-,-RL-$-decreases-moderately-with-kT-(more-easily-seen-in-LCMS)-
o  R*L->-RL-and-R*O-<-RO-$-consistent-with-Lorentz-boost-from-LCMS-to-CM-frame-

#  Integrated-values-in-kT-and-Nch:-
o  RS->-RO->-RL--(in-CM-frame)-and-RL-->-RS->-RO-(in-LCMS) 

–  λ(*)-intercept-parameter-in-CM-frame-and-LCMS-(streched-exp.)-
#  kT-integrated:-decreases-with-Nch-for-lower-bins-and-seems-to-flaWen-out-for-

higher-Nch-(4-bins-only)--
#  Nch-integrated:-prac$cally-insensi$ve-to-kT-
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Comparing-RL(*)-fit-parameter-in-21D-and-31D-
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–  Longitudinal-fit-parameters-should-be-the-similar-in-21D-and-31D-
#  indeed,-RL--and-R*L-lengths-of-homogeneity-$-close-values--

#  increase-with-Nch-and-scales-in-energy,-similar-to-the-11D-case-
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The-an$correla$on-in-31D--DR(qO,-qS,-qL)-1-LCMS-
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Summary-and-Conclusions-
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Summary-and-Conclusions-

–  Fits:-Gaussian,-stretched-(Lévy:-a=1)-and-simple-exponen$al-

–  Measurements-in-two-reference-frames-
#  CM-frame-$-closer-to-previous-two-BEC-from-CMS,-for-extending-to-21D-and-3D-

o  requires-addi$onal-cross1term-(in-qTqL--and-in-qOqL-)-

o  interes$ng-observa$ons-when-comparing-results-to-those-in-the-LCMS-

#  LCMS-frame-$-kL=(k1+k2)/2=0-(no-cross1term)-$--comparisons-

–  Interes$ng-results-in-11D,-21D,-3D:-
#  Radii-fit-parameters-increase-with-mul$plicity,-decrease-with-kT-(1D,-2D,-3D)-

#  λ(*)-:-1D-$-'--as-Nch-,-kT-&;-2D:--'--as-Nch-&,-almost-flat-as-kT;--3D:-'--as-Nch-&-
(lower-qO,-qS,qL)-then-flaWens-donw;-almost-insensi$ve-to-kT-

#  2D:-integrated-values-in-kT-,-Nch:-R*L->-RL-;-R*L->-RT-(in-LCMS)-
#  RS->-RO->-RL--(in-CM-frame)-and-RL-->-RS->-RO-(in-LCMS)-
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Summary-and-Conclusions-

#  An$correla$on-(dip-structure)-[-already-reported-in-JHEP05,-029-(2011)-]-
o  confirmed-in-11D-in-pp-collisions-at-2.76-TeV-(and-higher-sta$st.-results-at--7TeV)-

o  present-in-21D-(qT,qL)-and-31D-(qS,qL,qO)-and-seems-sensi$ve-to-Nch-and-kT-
o  interes$ng-to-quan$fy:-could-be-related-to-small-system-behavior-of-the-protons?-

o  comparisons-to-models-in-1D,-2D-and-3D-(τ-model,-finite-size-π,"…-)-$-result-?-

–  Thank-you!-
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Extras-
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Systema$c-Uncertain$es-–-Summary-

31-WPCF-2014-1-Gyöngyös,-Hungary-28/08/2014-

Systematical Uncertaintiesp
s 2.76 TeV 7 TeV

Origin of Systematics � Rinv (fm) � Rinv (fm)
Monte Carlo tune 0.032 0.160 0.032 0.160
Reference Sample 0.009 0.047 0.051 0.188
Coulomb Corrections 0.016 0.009 0.018 0.020
Charge Dependence 0.006 0.012 0.007 0.006
Pileup filter 5.0 e-4 0.011 0.001 0.0025
Track Cuts 0.014 0.119 0.014 0.119
Total 0.040 0.206 0.065 0.275
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