
Oh, right… protons  
A heavy ion approach to the soft-sector in hadron-hadron collisions 
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paradigms 
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H.I.C. – a system 
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States of QCD Matter 

Nuclear Matter 
(confined) 

Hadronic Matter 
(confined) 

Quark Gluon Plasma 
deconfined  
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Expectations from Lattice QCD 
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The hydrodynamics slide 
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The other hydrodynamics slide 
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The other hydrodynamics slide 
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Microexplosions Femtoexplosions 

!s 0.1 µJ  1 µJ 

" 1017 J/m3 5 GeV/fm3 = 1036 J/m3 

T 106 K 200 MeV = 1012 K 

rate 1018 K/sec 1035 K/s 
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Spectra 

v2 

HBT 
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mT ! T + m" flow
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Impact parameter & Reaction plane 

Impact parameter vector b :

  beam direction

 connects centers of colliding nuclei
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Impact parameter & Reaction plane 

Impact parameter vector b :

  beam direction

 connects centers of colliding nuclei
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Reaction plane:

spanned by beam direction and b
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How do semi-central collisions evolve? 
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How do semi-central collisions evolve? 



4(%5"'(%6%%3'-%7+"/-%8+1#'*+9%+/%:/$1;2%,<(5"/;%+=%>(?1+/%@+55"'"+/'%%6%A$14"5(B%6%CD%E91"5%CFFD% CC%

Azimuthal distributions at RHIC 
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Azimuthal distributions at RHIC 
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Azimuthal distributions at RHIC 
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Hydro: P. Huovinen, P. Kolb, U. Heinz 



Spectra 

v2 

HBT 
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probing source geometry through interferometry 
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The Bottom line… 
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Obtaining 3D radii from 3D correlation functions 
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Spherical harmonic representation of 3D data 
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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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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! 

 

b
!1( )

µ"
= pµ p" ! pµ p"

Work in global C.O.M. frame :   p
µ = #µ,0 E

No elliptic flow, etc :   b
!1( )

1,2
= px py = 0

No directed flow, etc :   b
!1( )

1,3
= b

!1( )
2,3

= 0

On - shell means momentum and energy obviously correlated...

but covariance (second moment) vanishes.  For i$ 0 :
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Using central limit theorem (“large* N-k”) 
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Effects on single-particle distribution 
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k-particle correlation function 

 

C(p1,...,pk ) !
˜ f c(p1,...,pk )

˜ f c(p1)....̃
 f c(pk )

=

N

N " k

# 

$ 
% 

& 

' 
( 

2

N

N "1

# 

$ 
% 

& 

' 
( 

2k

exp "
1

2(N " k)

px,i
i=1

k)# 
$ 
% & 

' 
( 

2

px

2
+

py,i
i=1

k)# 
$ 
% & 

' 
( 

2

py

2
+

pz,i
i=1

k)# 
$ 
% & 

' 
( 

2

pz

2
+

Ei " E( )
i=1

k)# 
$ 
% & 

' 
( 

2

E2 " E
2

# 

$ 

% 
% 
% 

& 

' 

( 
( 
( i=1

k

)
# 

$ 

% 
% 
% 

& 

' 

( 
( 
( 

exp "
1

2(N "1)

px,i

2

px

2
+

py,i

2

py

2
+

pz,i

2

pz

2
+

Ei " E( )
2

E2 " E
2

# 

$ 

% 
% 

& 

' 

( 
( 

i=1

k

)
# 

$ 

% 
% 

& 

' 

( 
( 

a$9$/?$/<$%+/%c9(1$/-e%?"'-1"B%=%0(/"'*$'\%

"L-"90)4'!)","!:%M2'2",0(2)2"#,/)#,*)JBN)

2-particle correlation function (1st term in 1/N expansion) 
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How do EMCICs look ? – nontrivial ! 
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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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The underlying event appears indep of jet – CDF 
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“the system”… a nontrivial concept 
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Maxwell - Boltzmann parent 
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�(1"+Y'%k-'%-+%-*$%9"+/%<+11$5(^+/%=Y/<^+/%Q9l9S%

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 
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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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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…? 
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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 
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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 
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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? 

•!s+b%%xY"-$%-*$%+99+'"-$H%

–!5)(4,76,=&69''.#

•! ElE%5++#'%5"#$%(%B";%f5('-8(0$%

•! ,'0%'Y9$19+'"^+/%+=%'4(55%f5('-8(0$'%

•! ElE%*('%-*$14(5"p$?%;5+B(552%

–!7=)6409#

•! 'Y9$19+'"^+/%+=%'9$<-1(%=1+4%9l9%*('%

'(4$%'*(9$%('%(%'9$<-1Y4%=1+4%9l9b%

•! 1$5([(^+/%+=%LH,H%<+/'-1("/-'%"/?"<(-$'%%

ElE%*('%-*$14(5"p$?%;5+B(552%

•! 1(-*$1\%9l9%5++#'%5"#$%(%c5"r5$%ElEe%

RR%4(%5"'(%6%%3'-%7+"/-%8+1#'*+9%+/%:/$1;2%,<(5"/;%+=%>(?1+/%@+55"'"+/'%%6%A$14"5(B%6%CD%E91"5%CFFD%

3'-%7+"/-%8+1#'*+9%+/%:/$1;2%,<(5"/;%+=%>(?1+/%@+55"'"+/'%
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