
Oh, right… protons  

(in the soft sector) 
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paradigms 
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H.I.C. – a system 
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H.I.C. – a system 
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Spectra 
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Obtaining 3D radii from 3D correlation functions 
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Spherical harmonic representation of 3D data 

 

a
l,m

! d"#T $,%( ) #Yl ,m
* $,%( )&

C
l

TT ! a
l ,m

2

m

-(.'/(0'*".'/*,*!*#"*1$2'!%(34*)%/'!5"#6*

33%4(%5"'(%6%%7$(02%8+/%9$(%6%&:&%6%;<%=$>%;??@%



Spherical harmonic representation of 3D data 
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Spherical harmonic representation of 3D data 
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For femtoscopic correlations :
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Spherical harmonic representation of 3D data 
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Spherical harmonic representation of 3D data 
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We are not alone... 
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non-femto “large-Q” behaviour - various approaches 
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energy-momentum conservation in n-body states 
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Example of use of total phase space integral  
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Average matrix element - factorization 
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Correlations arising (only) from conservation laws (PS constraints) 
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Simplification for “large” N-k (1) 
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Simplification for “large” N-k (2) 
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Fortunately, diagonal covariance matrix! 
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but covariance (second moment) vanishes.  For i$ 0 :

b
!1( )

0,i
= Epi ! E pi = Epi =

dE d
3
p % E˜ f p( )# p

2 ! m( ) % pi&&
dE d

3
p % ˜ f p( )& # p

2 ! m( )&
= 0

since E˜ f p( )# p
2 ! m( ) is even and pi is odd

!%

!%

!%

!%
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Using central limit theorem (“large* N-k”) 

 

˜ f c(p1,...,pk ) = ˜ f (pi)
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where

* µ

2 = pµ

2 ( pµ

2

pµ = 0     for   µ = 1,2,3

#6Y(1^F5$%Z"'-1">U^+/%"/%x6Y(1^F5$%'2'-$4%

  

 

pµ

2 ! d3p " pµ

2 " ˜ f p( )
unmeasured
parent distrib

!# $ d3p " pµ

2 " ˜ f c p( )
measured
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Effects on single-particle distribution 

 

˜ f c(pi) = ˜ f (pi)
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k-particle correlation function 
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2-particle correlation function (1st term in 1/N expansion) 
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How do EMCICs look ? – nontrivial ! 
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C(p1,p2) !1"
1

N
2

! 
p T,1 #
! 
p T,2

pT

2
+
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E

2 " E
2
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Detailed shape depends on :

N,  E ,  E 2 ,  pT
2 ,  pZ

2

How do EMCICs look ? – nontrivial ! 
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“the system”… a nontrivial concept 
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pµ

2 ! d3p " pµ

2 " ˜ f p( )
unmeasured
parent distrib

!# $ d3p " pµ

2 " ˜ f c p( )
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The underlying event appears indep of jet – CDF 
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“the system”… a nontrivial concept 
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Maxwell - Boltzmann parent 
d

3
N

d
3
p

~ e!E /T

non - rel ultra - rel if T = .15 ÷ .35

pT
2 2mT 8T 2 0.045 ÷ 0.98 GeV/c( )

2

E
2 15

4
T

2
+ m

2 12T 2 0.10 ÷1.5 GeV2

E 3
2
T + m 3T 0.36 !1 GeV



“the system”… a nontrivial concept 
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Maxwell - Boltzmann parent 
d

3
N

d
3
p

~ e!E /T

non - rel ultra - rel if T = .15 ÷ .35

pT
2 2mT 8T 2 0.045 ÷ 0.98 GeV/c( )

2

E
2 15

4
T

2
+ m

2 12T 2 0.10 ÷1.5 GeV2

E 3
2
T + m 3T 0.36 !1 GeV
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Blastwave,  T = 100 MeV   !
0

= 0.9

pT
2

"
= 0.240   GeV

2
        pT "

= 0.405   GeV( )

mT "
= 0.435  GeV

mT

2

"
= 0.259  GeV

2

L<%



4(%5"'(%6%%7$(02%8+/%9$(%6%&:&%6%;<%=$>%;??@% LS%

AB%C*(D$F#"X%[IC=%;??N%#$#&-@/2@')&

�%%c%?BLN%�%?B?3%%

J+%c%?BN3%�%?B?3%]4%

J'%c%?BN<%�%?B?;%]4%

J5%c%3B;@%�%?B?;%]4%

�%%c%?BK@%�%?B?3%%

J+%c%?B@K%�%?B?<%]4%

J'%c%?B@N%�%?B?L%]4%

J5%c%3B;K%�%?B?;%]4%

x%c%3LBK%

y`�%c%?BKN%r$z%

y`;�%c%?BS<%r$z;%

yY9
;�%c%?B3R%r$z;%

yYu
;�%c%?BLL%r$z;%



z(1"+U'%s-'%-+%-*$%Y"+/%F+11$5(^+/%]U/F^+/%MY_YO%

fit method Rout [fm] Rside [fm] Rlong [fm] 

standard 0.65 +/- 0.01 0.85 +/- 0.01 1.42 +/- 0.02 

"NA22" 1.18 +/- 0.02 1.05 +/- 0.02  1.75 +/- 0.03 

"zeta-beta" 1.01 +/- 0.03  0.79 +/- 0.03 1.52 +/- 0.05 

EMCICs (constr.) 1.05 +/- 0.02 1.06 +/- 0.02 1.66 +/- 0.03 

EMCICs(free) 1.06 +/- 0.02     1.08 +/- 0.02 1.69 +/- 0.03 

Y5+t/b%
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Don’t forget - EMCICs even for k=1 
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EMCICs even for k=1 
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Multiplicity evolution of spectra - p+p to A+A (soft sector) 
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IMPT: What changes with multiplicity…? 

4(%5"'(%6%%7$(02%8+/%9$(%6%&:&%6%;<%=$>%;??@% S;%
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IMPT: What changes with multiplicity…? 
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Kinematic scales of “the system” 
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Multiplicity evolution of spectra - p+p to A+A (soft sector) 
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By popular demand 
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Blast-wave in p+p: simultaneous description of spectra, HBT 

4(%5"'(%6%%7$(02%8+/%9$(%6%&:&%6%;<%=$>%;??@% K<%

 

T = 105.5 MeV

!
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R = 2.19 fm
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$# ~ 0.15
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Can’t follow the game without a program… 
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Can’t follow the game without a program… 
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Femto and “system” parameters from 2-particle correlations 
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Combined fit: consistent flow-based description 

4(%5"'(%6%%7$(02%8+/%9$(%6%&:&%6%;<%=$>%;??@% K@%
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Combined fit: consistent flow-based description 
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Combined fit: consistent flow-based description 
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Implication: A+A is just a collection of flowing p+p? 
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Implication: A+A is just a collection of flowing p+p? 
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