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[ Intro: observables for heavy-ion collision studies

In central Pb-Pb collisions at LHC energies, ~2000 particles within|n|<0.5.

Many “event-averaged” observables can be studied: particle yields, spectra, flow harmonics...

More differentially, one can study correlations, e.g. in emission angles

Event-by-event measurements:
the fluctuations are studied over the ensemble of the events.

= fluctuating net-charge, number of protons, mean p+, forward-backward yields, etc.

Why e-by-e fluctuations:
= they help to characterize the properties of the “bulk” of the system
= fluctuations also are closely related to dynamics of the phase transitions




Landscape of integral and differential observables

C. A. Pruneau, “Data Analysis Techniques for Physical Scientists” (2017)
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Differential correlations between + — charges (Balance Functions)

(+’_) (+’+) (_’+) (—’—)
1P =P, P, " —P
AN Y

Bass et al., Phys. Rev. Lett. 85 (2000) 2689

Physics picture: charge diffusion in the medium
Affected by: radial flow, resonance decays, HBT, Coulomb effects

cartoon by M.Janik

—> STAR and ALICE reveal narrowing of BF with centrality:

J. Pan, QM2018, arxiv:1807.10377
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Differential angular correlations: typical definitions

Eur Phys J. C77 (2017) 569
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Integrated observable: particle number fluctuations

r=ng/np —ratio of yields | Integrated observable (approximation):

P _ _ (na(ma—1))  (np(np—1))
Vdyn =V~ Vstat = -

<nanb>
2
2 e

Pruneau, Voloshin, Gavin, Phys.Rev. C66 (2002) 044904

Single n-window " o o _
=  measures deviations from Poissonian behaviour

robust against volume fluctuations, efficiency losses
(AP = sensitive to correlations between species a, b
V= 2 = affected by resonance decays

Variance of the ratio (norm.):




r=ng/np - ratio of yields | integrated observable (approximation):
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Observations: =

*  VgnlT,p]: increasing correlation with decreasing centrality
* vgynlTK]: increasing anti-correlation between rt and K or

increasing dynamical fluctuations with increasing centrality
* Models fail to describe data
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Integrated observable: particle number fluctuations

ALICE, EPJ C79 (2019) 236
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Differential correlations between ratios of particle yields

r=ng,/n, - ratio of yields

Differential observable (approximation):
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n Angular correlations between yield ratios: check approximation

Vg XN, /dn)

EPJ Web of Conf. 204, 2019
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n Angular correlations between yield ratios: check robustness to VF
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Toy model for yield ratio correlations

Assumptions: Veg = (rr? ) _

= number of positive particles in each event is from Gauss, <N>=80, 0=4
= particles are distributed within |n|<2

= for each positive particle there is one negative (charge conservation)

Then particle ID is assigned, and we can simulate
= 3 binomial distribution of K* (others are pions) 2 GCE
= .. orassign a strictly fixed fraction of K* 2 CE

|.Altsybeev, V.Petrov, Angular correlations of particle yield ratios 1 1



5 Toy model for yield ratio correlations
)

R )

Assumptions:

= number of positive particles in each event is from Gauss, <N>=80, 0=4
= particles are distributed within |n|<2

= for each positive particle there is one negative (charge conservation)

Then particle ID is assigned, and we can simulate
= 3 binomial distribution of K* (others are pions) 2 GCE
= .. orassign a strictly fixed fraction of K* 2 CE

Grand Canonical ensemble for K*:

Toy model N,, = Gauss(80,4) in Inl < 2
[K/Tc K/Tc] 500k events
Binomial sampling of K™ (~GCE)

—_

Vg x (AN _/dn)

0.5
- )t — K/t
of—= ° . K /Lt Ko /T[ o s ®
B e  same-sign, no SRC
-0.5

o  opposite-sign, no SRC
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|.Altsybeev, V.Petrov, Angular correlations of particle yield ratios 12
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Assumptions:

number of positive particles in each event is from Gauss, <N>=80, 0=4

Toy model for yield ratio correlations

particles are distributed within |n|<2
for each positive particle there is one negative (charge conservation)

Then particle ID is assigned, and we can simulate
a binomial distribution of K* (others are pions) 2 GCE
... Or assign a strictly fixed fraction of K* 2 CE

Vg x (AN _/dn)

—_

o
4l

Grand Canonical ensemble for K*:

Toy model
[K/m, K/m]

N, = Gauss(80,4) in Il <2
500k events

Binomial sampling of K™ (~GCE)

K*/t* - K- /m
. K+/L[+_ K.+/T[+. R t

L for same-sign e  same-sign, no SRC
_particles o  opposite-sign, no SRC

0 02 04

An

|.Altsybeev, V.Petrov, Angular correlations of particle yield ratios

06 08 1 12 14 16

(r'"-r

R )

|positive impact from

charge conservation

13



5

Toy model for yield ratio correlations

Assumptions: Veg = %—1
* number of positive particles in each event is from Gauss, <N>=80, 0=4 (r"Xr’)
= particles are distributed within |n|<2
= for each positive particle there is one negative (charge conservation)
Then particle ID is assigned, and we can simulate
= 3 binomial distribution of K* (others are pions) 2 GCE
= .. orassign a strictly fixed fraction of K* 2 CE
Grand Canonical ensemble for K*: Canonical ensemble for K*:
§ L Toy model N, = Gauss(80,4) in Il <2 Q: ke Toy model N,, = Gauss(80,4) in Il <2
=" - [K/m, K] 500k events =" [ [K/m, K/ ) 500k events
S - . . : ) B ’ : -
x - Binomial sampling of K* (~GCE) >< - Fixed fraction of K* (~CE)
m 05_ + + — —_ m 05_
>u- : 0O K /l[ - K /Tt o >u_ :
- L. - close to zero just by a coincidence
- K*/mtt — K*/mt* positive impact from|- /
0 o - - > o ® ~—e— . Olo==cca----- e = S U____n.____o_g
- ﬂ charge conservation'. °
%?for same-sign e  same-sign, no SRC [ ° 7' Ty
V.0 . i 05
:partlcles o  opposite-sign, no SRC B g e same-sign, no SRC
- :w o  opposite-sign, no SRC
L | | | | | | | (correlations suppressed)
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Toy model for yield ratio correlations
)

R )

Assumptions:

= number of positive particles in each event is from Gauss, <N>=80, 0=4
= particles are distributed within |n|<2

= for each positive particle there is one negative (charge conservation)

Then particle ID is assigned, and we can simulate
= 3 binomial distribution of K* (others are pions) 2 GCE
= .. orassign a strictly fixed fraction of K* 2 CE

Grand Canonical ensemble for K*: Canonical ensemble for K*:
_g 1_— Toy model N,, = Gauss(80,4) in Inl <2 Qg 1__ Toy model N,, = Gauss(80,4) in Inl <2
=" - [K/m, K/t 500k events =" [ [K/n, Kin] 500k events
g il N . ; S - ’ : : +
¥ - Binomial sampling of K™ (~GCE) - - Fixed fraction of K* (~CE)
m 0.5— o 0.5
2 IS o > B
i AN /:/
e e e ee e e Nshortrange(r) T N o
i correlations added |-
- e  same-sign, no SRC - ° ¢ ¢ ° ° ¢ ¢ °
0.5~ O  opposite-sign, no SRC -0.5 B e  same-sign, no SRC
- opposite-sign, with SRC L O  opposite-sign, no SRC
- - opposite-sign, with SRC
_1 _I 1 I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I _1 _— I I I I I I I I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 0 : '0.2' : '0_4' : IO.6I : I0.8I — 1 — '1_2' : '1.4' : I1.6
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5 Toy model for yield ratio correlations
)

TFBT G EYBY

Assumptions:

= number of positive particles in each event is from Gauss, <N>=80, 0=4
= particles are distributed within |n|<2

= for each positive particle there is one negative (charge conservation)

Then particle ID is assigned, and we can simulate
= 3 binomial distribution of K* (others are pions) 2 GCE
= .. orassign a strictly fixed fraction of K* 2 CE

Grand Canonical ensemble for K*: Canonical ensemble for K*:
§_ i Toy model N, = Gauss(80,4) in Inl <2 15 LN Toy model N,, = Gauss(80,4) in Il < 2
=" - [K/z, K/ 500k events =" [ [K/n, Kin] 500k events
° I Binomial ling of K* (~GCE e i ’ | : +
x - inomial sampling of K™ (~GCE) ¥ - Fixed fraction of K* (~CE)
w 05 n 0.5
> IS o > B
- N 7
oo e Y shortrange (47) TF N o o oemron-.
- correlations added |
- ° same-sign, no SRC - ¢ ° - ~ T . e ¢ ¢ °
-0.5 __ . (@) opposite-sign, no SRC -0.5— - PY same-sign, no SRC
some same-sign (+,+) — — same-sign, with SRC - / o  opposite-sign, no SRC
Py ] " ——— opposite-sign, with SRC L — — same-sign, with SRC
ELaIrS repl"se PP ° - opposite-sign, with SRC
- _I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I p— —
O 0.2 0.4 0_6 0_8 1 1.2 1.4 1_6 10 1 1 IO.I2I 1 I0.|4I 1 IO!GI 1 IO.IBI 1 1 ‘; 1 1 I1!2I 1 I1.|4I 1 I1!6
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5 Toy model for yield ratio correlations

Assumptions: Veg = M —
= number of positive particles in each event is from Gauss, <N>=80, 0=4 (rfxrf)

= particles are distributed within |n|<2

= for each positive particle there is one negative (charge conservation)

Then particle ID is assigned, and we can simulate
= 3 binomial distribution of K* (others are pions) 2 GCE
= .. orassign a strictly fixed fraction of K* 2 CE

Grand Canonical ensemble for K*: Canonical ensemble for K*:
§_ i Toy model N, = Gauss(80,4) in nl <2 15 kN Toy model N,, = Gauss(80,4) in nl < 2
=" - [K/z, K/ 500k events =" [ [K/n, Kin] 500k events
L inomi ing of K* (~GCE s L i i +
- - Binomial sampling o (~ ) N - Fixed fraction of K™ (~CE)
05 0.5
> e) o > i
recall: i N 7
ESR U ekl TEEEY TEET e S S short-range (+,-) A o i e e Sl sttt Rl O -0
- - correlations added |
.1 ,: ? - L e e e—— i T e e .
ool - e  same-sign, no SRC [ ° y - ol y ¢ * * ¢
R T iitionit: B . O  opposite-sign, no SRC 05— __—— ° same-sign, no SRC
$ stz gOMEe Same-sign (+,+) — — same-sign, with SRC B / O  opposite-sign, no SRC
A T SV S i ) " ——— opposite-sign, with SRC - — — same-sign, with SRC
Elalrs repl"se - ——— opposite-sign, with SRC
- _I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I — 1
O 0.2 0.4 0_6 0_8 1 1.2 1.4 1.6 10 1 1 IO.I2I 1 I0.|4I 1 IO!GI 1 Io.|8I 1 1 1| 1 1 I1!2I 1 I1.|4I 1 I1!6
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Toy model for yield ratio correlations

Assumptions: Veg = M —
= number of positive particles in each event is from Gauss, <N>=80, 0=4 (rfxrf)

= particles are distributed within |n|<2

= for each positive particle there is one negative (charge conservation)

Then particle ID is assigned, and we can simulate

= abinomial distribution of K* (others are pions) = GCE = vgg allows one to separate short-range
= .. orassign a strictly fixed fraction of K* 2 CE effects from “global” fluctuations
Grand Canonical ensemble for K*: Canonical ensemble for K*:
§_+ i Toy model N, = Gauss(80,4) in Inl <2 15 LN Toy model N,, = Gauss(80,4) in Il < 2
%': - [K/z, K/ 500k events =" [ [K/n, Kin] 500k events
B . . . o - ’
P Binomial sampling of K" (~GCE) X osl Fixed fraction of K* (~CE)
>E ) o >E ' i
- RN 7
ofe--o-p—mm e e |~ shortrange (+-) TP O~ o o oemnnon.
T correlations added —
i e  same-sign, no SRC - .//*——’. ¢ ¢ ° °
-0.5 — . O  opposite-sign, no SRC -05— _~-— ° same-sign, no SRC
some same-sign (+,+) — — same-sign, with SRC - o opposite-sign, no SRC
p[airs nrepuls e" ——— opposite-sign, with SRC i _—— 22210es-;zr;i,gwnitcv$?g|qc
_1_I L L I L L 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I _1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I I’ 1 1 I 1 1 1 I

o
il

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 0.2 0.4 0.6 0.8 1 12 14 1.6
An An
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Yield ratio correlations as a measure of fluctuations

L
BTy X« T
Remove short-range effects, leave only “global” scenarios:
= 04F Backward Forward T
2 - Toy model N, = Gauss(80,4) in Iyl < 2
% K+ /T[+ — K* /T[+ 500k events
X
0 025

- 5 L £ - Y g £ . . . . .

- " 0 A raise in String Fusion-like models

when strange particle yield depends on
04— TR ¢ e e 0 1 gep y P

_ source density fluctuates e-by-e)

B e Binomial sampling of K™ (~GCE) Nucl. Phys. B 390 542-558 (1993)

B 0 Binomial with fluctuating e-by-e (N> (~SF)

-0.2— o Fixed fraction of K™ (~CE)

i suppression for Canonical Ensemble

LA 1o Q i . S fo! \4

S T ) s T 5

_0-4_ | | | | | | | | | | | | | | | |
0 0.5 1 1.5 - vgg allows one to separate short-range
An o" V24 H
effects from “global” fluctuations
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Yield ratio correlations in Hadron Resonance Gas models

A?r N :: A T[
AR TR I Thermal model: T
s ?['X"NnNn"n nnnl\' g K
w o N ne N A V equilibrated Hadron Resonance Gas
p T ’;[)m'n\f"’[‘nyn"‘n > n H
"n'xpﬂn‘\nﬁgm-\,,f A 15 at the chemical freeze-out stage
n T A NAN N Nag NAT oy ma @
Ar T B AE AR TR N h Parameters: >
T T N AN N n N P .
Xr;tl)/}\lx n’n\wg“\/\l)‘ G\ L
AT "5 ;];‘\?'[)p ;“1‘\:'\1"” R;'/\\In‘\,;;]\,;\/’{ A T— temperatu re BaCkward Forwa rd n
nAzh )HNT{,nan.'nN"_\'nA\'n,\' . .
RN N;cj\ﬁ;:nwx LR Up, Lo, Us — chemical potentials v rF -rB)
np"-\'n’Fni\vnn\‘nﬂ K)K.,nn —_ | ==
Thermal-FIST package PRy Ko nn V= system volume FB™ (PF\(rB)

Vovchenko, Stoecker, Comput. Phys.
Commun. 244, 295 (2019) . . . .
= Run in Monte Carlo mode (HRG + radial flow + decays) for Canonical and Grand-Canonical Ensembles:

Source code

Thermal-FIST, T=155 MeV 500k events
[K*/n, K]
co?relations of K*/mt*

Thermal-FIST, T=155 MeV 500k events
[p/n*, p/nt]
correlations of p/n{

Veg x (AN _/dn)
o
&

o©
o
)]
T T | T T
Veg X (dN_/dn)

0 0z —/,H-/ﬁH-/,H-/LH,-/,H,-.,H,-/.M N L el L ﬁ,_,”, W22 272272022 27027002 Ll L J%/é/”,/;&’/”’/””//;/”— ///// ;
| T 7/ LSS ////////“////////%/////////l////////)////////////////// e
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ‘JVL%E
//////////////// A 71 r/]
////f/////////{///////// SSSSSSSIN LSS S S S S S SRS S S S S S S Y S S S S S S S S S S S
-0.05F f ﬁ% { ~0.05—
B o Grand-Canonical Ensemble = ° Grand-Canonical Ensemble
-01— ©° Canonical Ensemble 01— © Canonical Ensemble

N 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 — 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1

0 0.5 1 1.5 0 0.5 1 1.5
An An

- The pattern of suppression of vgg for the Canonical Ensemble
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https://github.com/vlvovch/Thermal-FIST

What with realistic models of pp and A-A collisions?

A
AN B B
Backward Forward M
correlatlons of p/n
14f ' Veg PP/ vig [Pl ] T
121~ HUING (Pb-Pb {5,=2.76 TeV) ¢ ' -
10' PYTHIAS (pp S=13 TeV) o o ]
Oog ALICE Simulation
sl L ol : 0.2<pT<.2.0 GeV/c
. O Centrality 0-20%
“a g
41— O
Fod o +
ol + $ O +
¢
o_.o.ol¢oplb+(lablobl P """""" *) -
0 0.2 04 0.6 0.8 1 1.2 1.4 1.6

*plots by V. Petrov

N (rF r’) _1 Calculations are done in HIJING (Pb-Pb) and
FB = (rF \(rB) PYTHIA (pp) collisions at LHC energies.
. correlatlons of K/n
5 | | Veg KT K /1] v [K 1 K- 5
\%o 7__ HIJING (Pb-Pb {5,,,=2.76 TeV) + + i \%o
XE 6__ PYTHIAS (pp \Sy=13 TeV) o q] | XE
| SRR ALICE Simulation - g
- K*/mt* - K /m™ 0.2<p.<2.0 GeV/c
oM T
4 B O Centrality 0-20% 7
3 " O —
B ) o
2 o8y
L O |:|+ +
1+ K/ -K/m I N ES
K ’o o ¢o o 40 o +O *D o
O+~ - LSRN S +¢O++O+O ----- a
b 02 04 06 08 12 14 16
nsep
= Near-side peak for opposite-sign, while nearly zero for same-sign correlations
= Consistent results between HIJING and PYTHIA (thanks to stability to Vol.Fluct.!)
|

Both generators are based on Lund string fragmentation = binomial sampling along n, ~GCE
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What with realistic models of pp and A-A collisions?

v (r-r%) 1 Calculations are done in HIJING (Pb-Pb) and ¢8€p
FB= %2 o — . . .
(rf \{(rB) PYTHIA (pp) collisions at LHC energies.
. correlatlons of K/n correlatlons of p/n
1@5 | o Veg [K /7 K /7] Vg K7/ K /] % 5 |:|' | " VealPIpI] g [Pl i i
\%0 ol o HWING (Po-Pb {5,276 TeV) ¢ ' | \%U HIING (Pb-Pb \5,=2.76 TeV) ¢ '
XE PYTHIA8 (pp {S=13 TeV) ¢ & XE 4+ PYTHIA8 (pp {S=13 TeV) ¢ =
> ALICE Simulation > | . ALICE Simulation
1.5 0.2<p_<2.0 GeV/c I 3 0.2<p_<2.0 GeV/c
Centrality 0-20% 3 O Centrality 0-20% -
n|<0.8 I n|<0.8
0 i
1 . - ol . _
O
I W
0.5\~ L " _ i ] i
¥ W ; o g 1 o . . L] S
% ¢ . o o o
Of--mmmmmmees R AGEEEEE JE e oo P L - O o . L € Lo 0 €
0 05 : 15 > 25 3 0 05 : 15 > 25 3
(psep (Psep

.. . _ *plots by V. Petrov
= Similar results for azimuthal intervals
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What with realistic models of pp and A-A collisions?

A A
. . B
v (rF r?) 1 Calculations are done in HIJING (Pb-Pb) and
FB = (rF \(rB) PYTHIA (pp) collisions at LHC energies.
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Centrality (multiplicity) dependence:
=  HIJING: similar values in all classes due to absence of collective effects
=  PYTHIA: slight dependence, probably due to Color Reconnection
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Summary

= Event-by-event measurements help to characterize the properties of the “bulk” of the system,
they also are closely related to dynamics of the phase transitions.

= Challenges from the experimental point of view:
o fluctuations of the volume of the created system
o corrections on efficiency and contamination, limited acceptance
o difficult to interpret the data due to resonance decays, conservation laws

= Angular correlations between ratios of identified particle yields in two windows were discussed
o robust observable, allows to suppress contributions from SRC
o Vgg allows one to separate short-range effects from global fluctuation patterns caused by
canonical suppression, etc.
o experimental studies —to be done
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