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That is not all we can learn though – make the two-dimensional plot!
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Cov(x, y) = hxyi � hxihyi
<latexit sha1_base64="jVY4Y24eXmAihdNU49xT40gc7vM="></latexit>

Quantify the amount of correlation with the covariance:

Studying the correlation of the two variables 
has resulted in New knowledge!  

…knowing the value of one variable 
constrains the possible values of the other variable. 

Cov.  > 0  correlated
Cov.  ~ 0  uncorrelated
Cov.  < 0  anticorrelated

C2 = ⇢2 � ⇢1⇢1

C3 = ⇢3 � 3⇢2⇢1 + 2⇢1⇢1⇢1

C4 = ⇢4 � 4⇢3⇢1 � 3⇢2⇢2 + 12⇢2⇢1⇢1 � 6⇢1⇢1⇢1⇢1
<latexit sha1_base64="/iO+iMqYuEd24tvzMojkYWz88oY="></latexit><latexit sha1_base64="/iO+iMqYuEd24tvzMojkYWz88oY="></latexit><latexit sha1_base64="/iO+iMqYuEd24tvzMojkYWz88oY="></latexit><latexit sha1_base64="/iO+iMqYuEd24tvzMojkYWz88oY="></latexit>
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No. of particles in a single event...

Average No. of particles in all
“similar” events...

Experimentally:  The average values of specific powers of deviates
give cumulants & cumulant ratios (or moments and moments products)....
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Multiplicity 
Cumulants = Poisson +  [deviations from Poisson] 

ck =

Z
Ck(y1, ..., yk) dy1...dyk
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Explicit subtraction of lower-order correlations… 

“Correlation Functions”

C2 = -

C3 =       -3 + 2

C4 =      -4 -3 +12 -6
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R2 =
C2

⇢1 ⇥ ⇢1
<latexit sha1_base64="jL0LwtSrZDUcDTUurEMGZ+6OK2g="></latexit>

R2 =
⇢2

⇢1 ⇥ ⇢1
� 1

<latexit sha1_base64="c0sLOtjQ5fUMyOds60HduZIGMTQ="></latexit>

May want to scale C2 by the number
of uncorrelated pairs:
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Balance Function (2-Particle correlations)
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Conservation of quantum numbers.
-> for each  general charge, an opposite
balancing charge produced at approx.
the same space–time.
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Cumulant

Normalized Cumulant R2 is a robust observable!
Single track efficiencies cancel 

out of the ratio

4 different charge combinations for R2:  
(+ -), (- +), (+ +), and (- -)

Charge Independent (CI) combinations

Charge Dependent (CD) combinations

R2
CD is proportional to the Balance Function 

C2 (x1, x2 ) = ρ2 (x1, x2 )− ρ1(x1)ρ1(x2 ) x ≡ {y,ϕ, pT} ρ(x) = 1
σ
dσ
dx

R2 (x1, x2 ) =
C2 (x1, x2 )

ρ1(x1)ρ1(x2 )

B(Δx) ≈ dNch

dx
R2
CD = dNch

dx
1
2
R2

+− − R2
++ + R2

−+ − R2
−−⎡⎣ ⎤⎦

CI = 1
2
LS +US{ }

CD = 1
2
US − LS{ }

LS = 1
2
(++)+ (−−){ }

US = 1
2
(+−)+ (−+){ }
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Conservation of quantum numbers.
-> for each  general charge, an opposite
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the same space–time.
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arXiv:2110.06566 [nucl-ex]
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• KK and pp widths no centrality dependence
• π π and cross-species pairs narrow towards central 

collisions. 

• Azimuthal narrowing for all species à radial flow 
focusing

• Qualitatively consistent with radial flow and two-wave 
quark production 
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= Pairing
Probabilities

Pairing 
probabilities 
are very 
different from 
single hadron 
ratios. 
à Kπ not 
larger than KK 
by K/π ratio; 
pp larger 
than pK.
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BF Integral
= Pairing
Probabilities

à Low pT particles mostly balance by low pT particles

Pairing 
probabilities 
are very 
different from 
single hadron 
ratios. 
à Kπ not 
larger than KK 
by K/π ratio; 
pp larger 
than pK.
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Ξ−π Ξ−K Ξ−p Ξ−Λ Ξ−Ξ 

Ξ−hadron correlations in pp collisions at √s = 13 TeV 
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SS or LS
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Ξ−π Ξ−K Ξ−p Ξ−Λ Ξ−Ξ 

Ξ−hadron correlations in pp collisions at √s = 13 TeV 
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OS or US

New
Result

Ξ−π Ξ−K Ξ−p Ξ−Λ Ξ−Ξ 

• Wider peak in data than in PYTHIA
• strange quarks produced at an 

earlier time 
• Local conservation of quantum 

numbers à not implemented in
EPOS

Ξ−hadron correlations in pp collisions at √s = 13 TeV 

OS-SS

Δ𝑦
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OS or US

New
Result

Ξ−π Ξ−K Ξ−p Ξ−Λ Ξ−Ξ 

• Wider peak in data than in PYTHIA
• strange quarks produced at an 

earlier time 
• Local conservation of quantum 

numbers à not implemented in
EPOS

• Junction model reduces peak 
amplitude à favors this baryon 
production mechanism over diquark 
breaking  

Ξ−hadron correlations in pp collisions at √s = 13 TeV 

OS-SS

Δ𝜑
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Near Side Away Side Total

New
Result

Ξ−hadron correlations in pp collisions at √s = 13 TeV 

OS or US

OS-SS

Ξ−π Ξ−K Ξ−p Ξ−Λ Ξ−Ξ 

How electric charge, 
strangeness, and 
baryon number of the 
trigger are balanced 
in phase space.

Δ𝜑
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Total

New
Result

How electric charge, 
strangeness, and 
baryon number of the 
trigger are balanced 
in phase space.

Ξ−hadron correlations in pp collisions at √s = 13 TeV 

Multiplicity
dependence

OS-SS

Ξ−π Ξ−K Ξ−p Ξ−Λ Ξ−Ξ 

Red = high multiplicity
Grey = minimum bias 
Blue = low multiplicity 

• Similar relative difference seen for π, K, p
• No evidence of multiplicity dependence on Ξ production mechanism 

àunderlying quark distributions are the same 
• quantitatively points towards common origin of baryon production

Δ𝜑
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2-Particle Transverse momentum correlations
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Result
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2-Particle Transverse momentum correlations

STAR, PLB 704, 467–473 (2011) 

Au-Au 𝑆!! = 200 𝐺𝑒𝑉
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Result
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2-Particle Transverse momentum correlations

Fit with a generalized Gaussian in two dimensions

How about small systems? p+p & p+Pb collisions?

STAR, PLB 704, 467–473 (2011) 

Au-Au 𝑆!! = 200 𝐺𝑒𝑉

Old 
Result
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PLB 804 (2020) 135375
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Pb–Pb 𝑆!! = 2.76 TeV



2-Particle Transverse momentum correlations
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Pb–Pb 2.76 TeV

p–Pb 5.02 TeV

pp 7 TeV

2-Particle Transverse momentum correlations
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2-Particle Transverse momentum correlations
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• Completely 
different 
longitudinal 
evolution

• Azimuthal 
narrowing 
consistent along 
the three 
systems
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2-Particle Transverse momentum correlations
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• Pythia8 Monash 
captures the 
azimuthal 
narrowing on 
both correlators

In small systems, 
à fluid-like 
system produced 
is too small or too 
short lived 
(Or not produced 
quasi-equilibrated 
fluid)
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Ø ALICE continues to provide many interesting results on correlations and fluctuations, So Stay tuned!!! Currently, Run 3 
preparations are ongoing , where many observables will benefit from more statistics and larger ALICE acceptance. 

Summary & outlook

Thank you !!! 

Ø Balance function for Identified primary hadrons (𝛑, K , p) pairs for Pb-Pb collision at 𝑠"" = 2.76 𝑇𝑒𝑉 are presented. 
Narrowing of azimuthal widths for all specie pairs à Radial flow focusing (kinematic lensing), different width evolution behavior in ∆η 
à Qualitatively consistent with radial flow and two-wave quark production mechanism.

Ø 2-particle correlation function for double strange baryon (𝛯-h) pairs for pp collision at 𝑠 = 13 𝑇𝑒𝑉 are presented. 
Multiplicity dependence very similar for all correlation measurements à common origin of Ξ/strangeness production across 
multiplicity. Ξ−strangeness correlation peak is much wider in data than in PYTHIA à Strange quarks are produced earlier in the event 
than from Lund string model alone. Local conservation of quantum numbers needs to be implemented in EPOS.

Ø Transverse momentum correlation for all collision system (pp, p–Pb, Pb–Pb) are presented. Azimuthal narrowing consistent 
in all three systems, changes behavior in the longitudinal dimension from narrowing to broadening when going from pp to p–Pb and to 
Pb–Pb à Fluid-like system produced is too small or too short lived, in small system.
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