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OutlineOutline

•• IntroductionIntroduction

•• Brief review of the formalism Brief review of the formalism 

•• Hypotheses used for finite expanding systemHypotheses used for finite expanding system

•• NonNon--relativistic treatmentrelativistic treatment

•• Illustration of results: Illustration of results: φφφφ backback--toto--back pairsback pairs

•• Summary and future plansSummary and future plans
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IntroductionIntroduction
• Late 90’s Back-to-Back Correlations (BBC) among boson-

antiboson pairs were shown to exist if the masses of the 
particles were modified in a hot and dense medium
[Asakawa, Csörgo” & Gyulassy, P.R.L. 83 (1999) 4013].

• 2001 It was shown that similar BBC existed among fermion-
antifermion pairs with medium modified masses                   
[Panda, Csörgo”, Hama, Krein & SSP,  P. L. B512 (2001) 49].

•• Some properties:Some properties:
– Similar formalism for both bosonic (bBBC) and fermionic 

(fBBC) Back-to-Back correlations

– Similar (and unlimited) intensity of fBBC and bBBC

– Expected to appear for pT ≤ 1−2 GeV/c
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FormalismFormalism

•• Infinite mediumInfinite medium

• Scalar field φ(x) ↔ quasi-particles propagating with momentum-
dependent medium-modified effective mass,      , related to the 
vacuum mass,    , by

• Consequently:

frequency of the in-medium mode with momentum

21
0 2 ( ) ( ) ( )H H dxdy x M x y yφ δ φ= − −∫ G G G G G G In-medium

Hamiltonian

2 2 2 21
0 2 ( | | )H dx mφ φ φ= + ∇ +∫ G �

Asymptotic (free)
Hamiltonian, in the 
rest frame of matter

*m
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*m k m M kδ= −
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( )2 2 2 2 2
k km k M kω δ∗Ω = + = −

G G

kΩ k
G



WPCF 2005WPCF 2005
KromKroměřěřίίžž

Sandra S. PadulaSandra S. Padula
IFTIFT--UNESPUNESP

55

Some comments (bosonic BBC):Some comments (bosonic BBC):

–– bbkk (b†
k) in-medium annihilation (creation) operator

–– aakk (a†
k) annihilation (creation) operator of the asymptotic 

quanta with 4-momemtum                 ; 

They are related by the Bogoliubov transformation: 

– squeezing parameter (the Bogoliubov 
transformation is equivalent to a squeezing operation)

–– aa-quanta observed; bb-quanta thermalized in medium

1
2 ln( / )k k kf ω= Ω

†* * ; cosh[ ] ; sinh[ ]k k k k k k k kka c b s b c f s f− −= + = =

† †
k k k k ka c b s b− −= +

( , )kk kµ ω=
G

2 2 2 0m kω = + >
G
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Full twoFull two--particle correlation (particle correlation (ππ00‘‘ss))
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•• After performing the thermal averagesAfter performing the thermal averages

– If the thermal b gas freezes out suddenly at some time, at 
temperature T, the observed singlesingle--particle distributionparticle distribution for a is

– And the squeezed correlation functionsqueezed correlation function is given by
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1 1

1
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k k k k k k
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c s n c s n

C k k
n k n k

− − −+ +
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Finite size medium moving with collective velocityFinite size medium moving with collective velocity

• For a hydrodynamical ensemble amplitudes can be written 
as  [ Makhlin & Sinyukov, N.P. A566 (1994) 598c ]:

– ↔ hydrodynamical freeze-out surface

– Squeezing coefficient:

» Two-particle momenta:
» uµ local flow vector at freeze-out

( )

( )
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– ni,j Boltzmann limit of Bose-Einstein distribution:

– Freeze-out:

– Non-relativistic limit:

Sudden freeze-out , , 02 . 2 .
, 0 ,( )i j i jiE iE

i j f i jdt E e d E eτ τδ τ τ τ− −− =∫
, 0

0
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∫Finite emission interval

(corresponding to:                                              )
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• For  large mass m and small mass shifts,                         
flow effects on squeezing parameter: 

flow effects on fi,j are negligible 
⇒ cci,ji,j and ssi,ji,j flow independent

• What about the volume V ?
» si,i = 0 outside mass-shift region (δδM=0M=0)

» terms ∝ ni,j finite (hydro solution)

» integration could be extended to infinity:

⇒ easiest V profile: Gaussian 2 2exp[ /(2 )]r R≈ −G

2       Cases2       CasesR R

Rs
(Gaussian cross(Gaussian cross--sectional areas) sectional areas) 

Region where massRegion where mass--shift is nonshift is non--vanishingvanishing

2

2

. .Kin En M
m m

δ⎡⎛ ⎞ ⎤⎛ ⎞⎜ ⎟⎜ ⎟⎢ ⎥⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎢ ⎥⎜ ⎟⎝ ⎠⎝ ⎠⎣ ⎦
O

*( )/m m m m− �
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• For  large mass m and small mass shifts,                         
flow effects on squeezing parameter: 

flow effects on fi,j are negligible 
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Squeezing region of radius Squeezing region of radius RR
•• Flow, finite size & timeFlow, finite size & time

– Finite emission times 
significantly suppress BBC 
signal intensity but it still 
is strong (already known)

– Finite size systems 
BBC signal  ∝ size of 
mass-shifting region

– For weak flow coupling 
signal strength sensitive 
to momenta; BBC with 
<u>=0.5: comparable, 
weaker or even mildly 
enhanced than for 
<u>=0, depending on k 1020m MeVφ =
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RRôôle of momenta and temperaturesle of momenta and temperatures
•• Momenta (Momenta (<<uu>=0.5>=0.5):):

– Increasing modulus 
of the back-to-back 
momenta of the pair 
enhances the effect

•• Temperature (Temperature (<<uu>=0>=0):):
– BBC signal enhanced 

for lower emission 
(freeze-out) 
temperatures for 
finite sized systems 
emitting during finite 
time interval

1020m MeVφ =
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Squeezing region of radius Squeezing region of radius RR
– T,R,∆t fixed for two 

values of k and <u>
1020m MeVφ =

– Varying k as well:
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Squeezing radius Squeezing radius RRss, system radius , system radius RR
– T,R,∆t fixed for two 

values of k and <u>
– Varying k as well:

Sensitive to size of squeezing region1020m MeVφ =
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SummarySummary
•• Main goal:Main goal: revive discussions on Backrevive discussions on Back--toto--Back CorrelationBack Correlation

•• Estimated strength of BBC signal for:Estimated strength of BBC signal for:
• Finite size systems emitting during finite time intervals
• Expanding system with radial flow & non-relativistic limit
• Illustration simplified situation of weak flow dependence of 

the BBC pair (close to central region) φφ correlation 

•• For single (For single (RR) and two volumes) and two volumes ((RR & & RRs s )) cases:cases:
– BBC vs. m* and BBC vs. m* vs. k

–– Pronounced maxima around Pronounced maxima around mm* * ≈≈ mm
–– Similar behavior with and without flowSimilar behavior with and without flow
–– BBC signal:BBC signal:

»» increases for increasing size of massincreases for increasing size of mass--shifting region shifting region 
»» sensitive to spread in emission intervalsensitive to spread in emission interval
»» sizeable effect for particular cases studied heresizeable effect for particular cases studied here
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NextNext

•• Introduce modelIntroduce model--based massbased mass--shiftshift

•• Perform more realistic calculations with flowPerform more realistic calculations with flow

•• Search for kinematical regions optimizing BBC signalSearch for kinematical regions optimizing BBC signal

•• Estimate shape and width of the BBC around the Estimate shape and width of the BBC around the 
direction direction kk22==--kk11==kk

• Experimental feedback on acceptance necessary

•• ……
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11stst WPCF WPCF -- KromKroměřěřίίžž

See you at the 22ndnd WPCFWPCF!
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BACKUPSBACKUPS
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BBC function BBC function 

•• Momenta of the pairMomenta of the pair

•• BackBack--toto--Back correlation functionBack correlation function

2 1k k k= − =

( )

22

*

2 22 2

* *

23
22 2

*3
1 2 0 0

*

3
22 2 2

* *2 2 23
0 0 0
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( , ) 1 2 exp
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CorrespondencesCorrespondences

•• Bosonic BBCBosonic BBC •• Fermionic BBCFermionic BBC

is a Pauli spinor

1

†*
k k k k ka c b s b− −= +

† †
k k k k ka c b s b− −= +
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Ω = −

G

2 2 2( )m m M kδ∗ = −
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ProtonProton--Proton BBCProton BBC

•• QuasiQuasi--particle description of the system particle description of the system medium effects are taken into medium effects are taken into 
account through a self energy functionaccount through a self energy function

•• For spinFor spin--1/2 particle under mean field in many1/2 particle under mean field in many--body system:body system:

• ΣS notation: Σs(k)=∆M(k)
• Σ1 very small negligible
• Σ0 weakly momentum dependent locally thermalized medium:µ*

= µ−Σ0 

do not need to be specified (results for net baryon number)
• Hamiltonian H1 describes a system of quasi-particles with momentum-

dependent mass M* = m− ∆M(k)

0 0   ;   : ( )( . ) ( ):IH H H H dx x i M xψ γ ψ= + = − ∇+∫
GG G

† .
, , ', ',

, ',

1
( ) ( ) ik x

k k k k
k

x u a v a eV λ λ λ λ
λ λ

ψ − −= +∑
G G

G G G G
G

1 2 1 2 2 1 1 22 2 2 21 1 1 1

† † † †† † † †
k k k kk k k k k k k kk k k ka a a a a a a a a a a a a a a a−= +

0 0s i iγ γ+ +∑ ∑ ∑ to be determined from detailed calculation


