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Fluctuations in heavy ion collisions 
•  Event-by-event fluctuations of particle multiplicities are used to 

study properties and phase structure of strongly-interacting matter 
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•  Fluctuations grow in the region near  
a phase transition and/or critical point 
–  can we observe signs of 

criticality? 

T > Tc  T >~ Tc   T <~ Tc      T < Tc 

Critical opalescence in CO2  
J.V. Sengers, A.L Sengers, Chem. Eng. News, 
June 10, 104–118, 1968 
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•  Fluctuations grow in the region near  
a phase transition and/or critical point 
–  can we observe signs of 

criticality? 
•  Fluctuations of conserved charges  

can be related to susceptibilities 
calculable in lattice QCD 
–  precision test of LQCD at µB ≈ 0 



Connecting theory to experiment 
•  Thermodynamic susceptibilities χ 
–  describe the response of a thermalized system to changes in 

external conditions, fundamental properties of the medium 
–  can be calculated within lattice QCD 
–  within the Grand Canonical Ensemble, are related to event-

by-event fluctuations of the number of conserved charges 
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Experimental Challenges 
1.  Event-by-event particle identification 
2.  Event-by-event efficiency correction 
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We know how to correct the first moments,  
but what about the higher moments? 



The challenge: event-by-event PID 

•  Traditional method:  
–  count number of pions (Nπ), kaons (NK), protons (Np) in 

each event 

–  find moments of distributions of Nπ, NK, Np, .... 
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Traditional method 

•  What if PID is unclear? 
–  use other detector information or reject phase space bin 
–  results in lower efficiency 
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Identity method 

•  As a function of the PID variable m, determine  
probability w that particle is of a given species 

•  Calculate event-by-event sum of weights Wπ,  
WK, Wp, .... 

 

•  Using knowledge of inclusive m distributions,  
unfold moments of W distributions to get moments of N 

•  Contamination is accounted for, full phase space can be used 
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Efficiency corrections: several ideas 
•  Simple scaling of moments using HIJING and/or AMPT 
•  Correction of factorial moments assuming binomial track loss 
 

 
–  extension to Identity Method 

 
•  Correction using moments of detector response matrix 

•  Full unfolding of moments 

All correction methods rely on different assumptions,  
which must be assessed and tested carefully! 
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Second moments from the LHC 
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Net-proton fluctuations 
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•  If multiplicity distributions 
of protons and anti-protons 
are Poissonian and 
uncorrelated  
→ Skellam distribution for 
net-protons 

correlation term 

A.	Rustamov	for	ALICE,	QM2017	



Net-proton fluctuations 
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•  κ2(p-p) shows deviation 
from Skellam prediction 
–  due to correlation term? 
–  are protons and anti-

protons Poissonian?  

correlation term 

A.	Rustamov	for	ALICE,	QM2017	



Net-proton fluctuations 

•  Modeling the effects of 
participant fluctuations  

 
•  Inputs to the model: 
κ1(p), κ1(p), centrality 
determination procedure 

•  Model gives a consistent 
picture of κ2(p), κ2(p) and  
κ2(p-p) without need of 
correlations or critical 
fluctuations 
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Global conservation laws 
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acceptance of the 
measurement 

•  Small Δη → Poissonian fluctuations,  
ratio to Skellam ~1 

•  Large Δη → global baryon number  
and strangeness conservation  
effects, ratio to Skellam < 1 

•  Δη dependence consistent with effects of baryon number 
conservation 

A.	Rustamov	for	ALICE,	QM2017	

P.	Braun-Munzinger	et	al.,	NPA	960	(2017)	
114,	arXiv:1612.00702	[nucl-th]		



Global conservation laws 
•  Contribution from global 

baryon number conservation 
calculated as 

•  Inputs for <NBacc> from  
 

 
Extrapolation from <NBacc> to 
<NB4π> using AMPT and 
HIJING 
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meas
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•  Deviation from Skellam baseline accounted for by global 
baryon number conservation 

P.	Braun-Munzinger	et	al.,	PLB	747	(2015)	292,	
arXiv:1412.8614	[hep-ph]		
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Net-pion and net-kaon fluctuations 

•  Pions show good agreement with HIJING 
•  Production of pions and kaons from resonance decays 

contributes significantly to the measurement 
•  Skellam distribution is not a proper baseline for net-pions and 

net-kaons 
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Higher moments from the LHC 
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Higher moments 
•  Deviations from unity and signs of criticality are greatly 

enhanced for the higher moments (4th, 6th, 8th,...) 

•  But huge statistics are needed and experimental effects must 
be carefully controlled   
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Friman,	B.,	et	al.	Eur.	Phys.	J.	C	71	
(2011)	1694,	arXiv:1103.3511	[hep-ph]	
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Figure 5: The temperature dependence of the fourth, sixth and eighth order
cumulants of the net baryon number fluctuations χB

n relative to the second
order one. The temperature is given in units of the chiral crossover temper-
ature. The shaded area indicates the region of the chiral crossover transition
at µq/T = 0. The calculations were done in the PQM model within the FRG
approach.

their depth is to some extent model dependent. However, we note, that in
the transition region the second order cumulant used in these ratios for nor-
malization is dominated by non-singular contributions which are positive.
The minima in RB

n,2 therefore mainly reflect the strong temperature depen-
dence of higher cumulants χB

n . We also note that these minima become more
pronounced with increasing µq/T . In fact, the structure of e.g. RB

6,2 becomes
similar to that of χB

8 at large µq/T . This is easily understood in terms of the
Taylor expansion of RB

6,2, where the dominant correction at non-zero µq/T is
due to χB

8 ,
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This also makes it clear why for µq/T > 0 the location of the minimum
of RB

6,2(µq/T ) is shifted to lower temperatures relative to that of the chi-
ral crossover temperature. Similarly, at non-zero µq/T , the ratio RB

8,2(µq/T )
shows more pronounced oscillations in the transition region, due to contri-
butions from higher order cumulants, which oscillate more rapidly in the

14



First higher moments from ALICE 

•  Consistent results between √sNN = 2.76 TeV and 5.02 TeV within 
statistical and systematic uncertainties 

•  In central events, consistency with Skellam baseline  
(C4/C2 = 1) 

•  Higher statistics and improved understanding of systematics are 
needed to obtain the precision needed for LQCD comparisons 
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Higher moments at RHIC 
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STAR results: net-charge, net-K, net-p 
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For the purpose of illustration, Figure 1 shows the raw, uncorrected distribu-
tion of the net-charge, net-kaon and net-proton multiplicity distributions for Au+Au
collision at

p
s
NN

= 14.5 GeV for di↵erent centralities as measured by the STAR
experiment [11]. The black circles are for 0-5% central collisions, the red squares for
30-40% and blue stars for 70-80% central collisions.

3 Results and discussions

Figure 2: Variation of the cumulant ratios for net-charge, net-kaon and net-proton
multiplicity distribution with beam energy from the STAR experiment for di↵erent
centralities.

The various cumulant ratios can be written as

C2

C1
=

�2

M
,

C3

C2
= S�,

C4

C2
= �, (2)

where M is the mean, �2 is the variance, S is the skewness and  is the kurtosis of
the distribution.

Figure 2 shows the measurements of the cumulant-ratios for net-charge (left panel),
net-kaon (middle panel) and net-proton (right panel) multiplicity distributions from
Au+Au collisions at

p
s
NN

= 7.7, 11.5, 14.5, 19.6, 27, 39, 62.4 and 200 GeV from
the STAR experiment [11]. The black circles are the measurements for 70-80%, green
squares for 5-10% and red stars for 0-5% central collisions. The corresponding dashed

3

J.	Thäder	for	STAR,	QM2015	



STAR results: net-protons in the BES 

•  non-monotonic behavior observed below √sNN = 39 GeV 
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Results from STAR

⦿ Approach to unity for the highest energies
⦿ Non-monotonic behavior below 39 GeV

X. Luo, PoS CPOD2014, 019 (2015)
STAR: PRL 112, 032302 (2014)

14

⦿ Drop at 7.7 GeV for central events

A. Rustamov, ECT*, 15-19 October, 2018, Trento, Italy

nÄ
nD

nÅ
nD

X.	Luo,	PoS	CPOD2014	(2015)	019	
STAR,	PRL	112	(2014)	032302	



STAR + HADES: net-protons vs √sNN 

•  different correction methods:  
 unfolding + volume 
 fluctuation correction 
 E-by-E correction of factorial 
 moments + vol. fluct. corr. 
 → large differences in results 
 (still under investigation) 
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Results from HADES

A. Rustamov, ECT*, 15-19 October, 2018, Trento, Italy

nÅ
nD

Under investigation:

! contamination of peripheral events  
in centrality selection procedure

Unfolding + vol. fluct. corr.

E-by-E corr. of factorial moments + vol. fluct. corr.

T. Galatyuk, CPOD 2018
T.	Galatyuk,	CPOD	2018	

(Δy	=	0.2)	
	
	
		
(Δy	=	0.5)	



Effects of conservation laws + vol. fluct. 

•  At RHIC, proton and anti-proton multiplicities not equal 

•  Above √sNN = 11.5 GeV: deviation from unity can be 
described by global baryon number conservation 
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of fluctuations (cf. Eqs. 4 - 6) are much stronger than e↵ects due to fluctuations of participating nucleons.
Participant fluctuations push the 3/2 data in the opposite direction. Using the the procedure reported in [5]
we present STAR data corrected for possible fluctuations of participant nucleons (blue circles in Fig. 2).
Next, inserting the numerical values of the corrected 3/2 data into Eq. (5), we obtain the energy depen-
dence of the ↵ parameter. Finally, using these values of ↵ we present in the right panel of Fig. 2, with the
blue dashed line, excitation function of 4/2 as calculated using Eq. 6. We further add contributions from
participant fluctuations , which are presented by light blue circles. As seen from Fig. 2, besides the points
at
p

sNN = 7.7A and 11.5A GeV our predictions quantitatively reproduce the trend of 4/2. Similar con-
clusions we get for the energy dependence of 1/2 and 1/3 (not presented here). We hence conclude that,
above

p
sNN=11.5A GeV, the experimentally observed deviations from the GCE baselines can be described

by the combined e↵ects of participant fluctuations and global conservation laws, the latter being dominant.
Finally, we remark that the measurements from the ALICE experiment can also be explained by the baryon
number conservation [10].
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Fig. 2. Left panel: 3/2 measurements from STAR (the red circles) and their corrected values for participant fluctuations (the blue
symbols). Right panel: 4/2 measurements from STAR (the red circles) compared to our predictions (the blue symbols). The blue
dashed line corresponds to our predictions without participant fluctuations. The red dashed lines represent the GCE baseline.

4. Conclusions

We studied the e↵ects of global conservation laws on fluctuations of net-baryon number. Together
with analytic formulas we developed MC methods to simulate events in the CE. Above 11.5 GeV, the
deviations from the Skellam distribution reported by STAR are consistently described with baryon number
conservation and fluctuations of participating nucleons. A dramatic exception are the STAR results on 4/2
below

p
sNN = 11.5 GeV. The measured second cumulants of net protons at ALICE can also be accounted

for quantitatively by conservation laws. Our results will be relevant for the research programs at facilities
such as FAIR at GSI and NICA at JINR. Near future challenges will be precision measurements of higher
moments at RHIC and LHC and their connection to fundamental QCD predictions.
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The á		parameter
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A dip in the excitation function 
seems to be generic

F. Karsch, Wuhan 2012

Predictions for nÅ nD⁄
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above 11.5 GeV CE suppression describes the data 
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Net-Λ moments 
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From net-π, K, p to net-Λ moments 
•  Explore correlated fluctuations of baryon number and 

strangeness 
•  Establish baseline for future measurements of higher moments 

in the strangeness sector 
•  Improve understanding of net-baryon fluctuations 
–  different contributions from resonances, etc, than in net-

proton measurement 
•  Λs can be “added” to net-proton or net-kaon results to get 

closer to net-baryon and net-strangeness fluctuations 
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Identity method for invariant mass 
•  For any value of minv, the probability that a πp pair comes 

from the decay of a Λ baryon is known 
•  Apply Identity Method for four “species”:  
Λ, Λ, combinatoric π-p, combinatoric π+p 
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Net-Λ fluctuations 
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C1 Λ( ) = NΛ

C2 Λ−Λ( ) = NΛ − NΛ − NΛ − NΛ( )
2

=C2 Λ( )+C2 Λ( )− 2 NΛNΛ − NΛ NΛ( )

C2 Λ( ) = NΛ − NΛ( )
2

•  Small deviations from 
Skellam baseline → 
correlation term?   
non-Poissonian Λ or Λ 
distributions?   
critical fluctuations? 
effects of volume 
fluctuations and global 
conservation laws? 
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Comparison to net-protons 
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•  Qualitatively similar results for 
net-protons  
–  different kinematic range, 

different contributions from 
resonance decays 
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Comparison to HIJING 
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•  HIJING does not describe 
strangeness production well 
–  underestimates C1 and C2  

by factor ~4 
•  However, C2(Λ-Λ)/C2(Skellam) 

ratio agrees with data 
–  coincidence?  or due to 

description of fluctuations 
and resonance contributions 
in HIJING? 
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Δη dependence of net-Λ fluctuations 
•  Small Δη → Poissonian 

fluctuations, ratio to Skellam ~1 
•  Large Δη → global baryon number 

and strangeness conservation 
effects, ratio to Skellam < 1 

•  Systematic uncertainties are highly 
correlated point-to-point 

•  Δη dependence consistent with 
effects of baryon number 
conservation → strangeness 
conservation should also be 
considered 

•  consistency also with HIJING 
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Outlook 
•  Runs 3+4 at the LHC will allow us to measure the fourth and 

sixth moments of the net-proton distribution with 
unprecedented precision 

•  BES-II + detector upgrates at RHIC will allow us to probe 
fluctuations across a wide range of the phase diagram 
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Summary - I
Ø Non-monotonic energy dependence of net-proton and proton C4/C2 is 

observed for 0–5% central Au+Au collisions.

Ø Four-particle correlations contribute dominantly to the observed non-
monotonicity.

Ø More data will be
collected in BES-II
at √sNN = 7.7 – 19.6 GeV 
in 2019–2020 with detector
upgrades.

February	8,	2016 11Roli Esha (UCLA)

STAR	Collaboration,	https://drupal.star.bnl.gov/STAR/starnotes/public/sn0619

LHC	Yellow	Report:	arXiv:1812.06772	[hep-ph]	

hfps://drupal.star.bnl.gov/STAR/starnotes/public/sn0619	



Conclusions 
•  Event-by-event fluctuations of identified particles  
–  yield information on properties of the QGP medium 
–  test lattice QCD predictions at µB = 0 
–  allow us to look for effects of criticality 

•  Effects of detector inefficiency and particle misidentification 
being brought under control 

•  Effects of volume fluctuations and global baryon number 
conservation are assessed 

•  Net-proton and net-Λ fluctuations at LHC energies: no 
deviations from Skellam baseline observed after accounting 
for baryon number conservation, agreement with LQCD 
predictions 

•  Net-proton fluctuations at RHIC energies: can be described 
above √sNN = 11.5 GeV by baryon number conservation 
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backup 
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Centrality dependence 

•  Deviations from Skellam can be attributed to 
global baryon number conservation, more 
significant in more peripheral collisions 

•  Disagreement with HIJING 
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First higher moments from ALICE! 

•  Measured with traditional (cut-based) PID method 
•  Consistent results between √sNN = 2.76 TeV and 5.02 TeV 

within statistical and systematic uncertainties 
•  In central events, consistency with Skellam baseline  

(C4/C2 = 1) at LHC energies 
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