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Mathematical Foundation

Fluctuations vs. Correlations

e Fluctuations < Correlations

Correlation
Functions

» Two facets of the same thing.
* Tools
* Integral Correlations (Fluctuations)

 Moments, Factorial Moments of
discrete & continuous
observables.

 Cumulants, Factorial Cumulants of A UBE A PRUNE A
discrete & continuous observables. DATA ANALYSIS
TECHNIQUES

for Physical Scientists

e Differential correlation functions.

« Number correlations RZCI/CD

« Pt Correlations PZC”CD, GZC”CD

« Balance Functions B,

Cambridge Press, 2017
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Motivations

Dynamical fluctuations in Heavy lon Collisions

e Two QCD Transitions:

>

E HC — B ¢ Confinement/Deconfinement

= | o Sean, e Change in Charge Fluctuations

) i:} Ene"gys 5 8

o 18 “an e Change in susceptibilities — net

= QGP  (wy) =0 {:} > 5 P .

® .l Uy charge, strange, baryon fluctuations
Q °

2 | ¢ L& e Temperature fluctuations

Q ' o Chiral Symmetry

e Broken in hadron phase/partially
restored in QGP state.
e Consequence: Disoriented Chiral
Condensates (DCC)
! lucea e Secarch for DCCs.
® » o (Collisions Dynamics
Baryon chemical potential (u:)[GeV] @ Initial state fluctuations
e pT fluctuations
e pT vs v, correlations
e And more ...

CGC

Nuclear
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Net-Charge Fluctuations

Theoretical Predictions

« Expect number of charged particles (N, vs. N_) o o © o
to fluctuate event-by-event o © o®©
. . — _ . i} o
Fluc.:tl.Jatlon_s of =N, —N_inA-A ©o 00 o |Pr
collisions (in volume/acceptance). o © o
©
- Hadrons: =1  Quarks: =1/3, £2/3. o © o
* At equal number of particles, a quark phase ) A ”
should feature smaller net charge Y
fluctuations than a hadron phase. ,
. | AQ*)  oon.-
QGP Signature: suppression of net charge . = < 0 Q=N -N.
fluctuations (variance). 2 <NCH > New=N.+N_
o« Koch et al. [1,3,4]:
N AQ?
R=—7+= DE<NCH><AR2> DE4< Q>:4wQ
N (New)
[1] S.Jeon, et al, Phys. Rev. Lett. 85, 2076 (2000). [4] S. Jeon, et al., Phys. Rev. Lett. 83, 5435 (1999).
[2] M. Asakawa, et al., Phys. Rev. Lett. 85,2072 (2000). [5] E. V. Shuryak, M. A. Stephanov, Phys. Rev. C 63,064903 (2001).
[3] M. Bleicher, et al, Phys. Rev. C 62,061902 (2002). [6] M. A. Aziz, S. Gavin, Phys. Rev. C 70, 034905 (2004). -
4
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Net-Charge Fluctuations

Suppression of fluctuations

O=N,-N._ N.,=N,+N._ R=— DE<NCH><AR2>

Thermalized QGP

w/ Fast Hadronization

Hadron Gas O 7
(Resonances) '
Poisson Emission 1

I.e. no correlations

[1] S. Jeon, et al, Phys. Rev. Lett. 85,2076 (2000).
[2] M. Bleicher, et al, Phys. Rev. C 62,061902 (2002).
[3] S. Jeon, et al., Phys. Rev. Lett. 83, 5435 (1999).

Nominally provides a

clean cut distinction
between QGP and HG!!!
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Net-Charge Fluctuations C.P, S.G., S.V. - PRC 66, 44904 (2002)

Nu-Dyn Observable

Definition (as fluctuations) Pt
L (N (N, — 1)) N (N_(N_ - 1)) ) (N.N_) 0
dyn = — cceptance
(N (N_)? (N )(NC) i
>
Vgyn = 0 in the absence of correlations y

Definition as Correlator (Normalized Cumulants)

(Nch>den =D -4
Vgyn = Ry T+ Ry~ — 2R;™

— A 2
: (N ){(Ng)

QGP w/ Fast
(N,) = J p(p)dp Hadronization <O 25 ~ -

Q
NO.7 ~2.8 _1 .2
Scaling vs. Multiplicity

1 Poisson Emission
AA = — yp P I.e. no correlations 1 4 O

(No(Njg = Ggp)) = J Py (Py. Pr)dpdp,
Q
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Net Charge Fluctuations ALICE, Phys. Rev. Lett. 110 (2013) 152301

ALICE Results: Pb—Pb @  /55=276 TeV

6 . . : .
13 X 10° minimum-bias collisions <NCH > dyn = D—-4
7] <0.8; 0.2 GeV/c < pr < 5.0 GeV/c 4

Corr

Y= dym) T - dyn)+ <Ntotal>

rfrrrrfrrrrfrrrrrrrre| oo TT
b

[ Pb-Pb pp HIJING PYTHIA _‘ 4
f O A -+ A An=1.0 111 Hadron Gas
I * ¢ Y An=1.6 QGP ]
-13.5

+-- o LT kL LLLLLL b LT .. +
||+§ |||| ||Pm%d|ot leG||range||||||||||||||n+3

% gﬂ 4250

- :- 42
Monotonic decrease w/ increased Npart - _ j1 5
From dilution of the correlation Predicted QGP range
function. Al 14
0 50 100 150 200 250 300 350 40 0 50 100 150 200 250 300 350 400
(Noor? (N
Decrease of D vs. N, possibly due to radial flow vs. N,
Trivial Scaling m) — Ydyn
ST vy = Alternatively: diffusion of charged hadrons in rapidity.
Dilution " (Nep)
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Relative particle yield fluctuations ALICE, Eur.Phys.J.C 79 (2019) 3

Motivations/Method

« QCD: At sufficiently high-energy density nuclear matter transforms into a deconfined
state — Quark-Gluon Plasma (QGP) [1, 2].

 Signatures:

« Enhancement of fluctuations of the number of produced particles in the hadronic
final state of relativistic heavy-ion collisions [3-5].

« Event-by-event fluctuations and correlations may show critical behavior near the
phase boundary, including the crossover region where there is no thermal singularity

« A correlation analysis of event-by-event abundances of pions, kaons and protons
produced in Pb—Pb collisions at LHC energies may provide a connection to fluctuations
of globally conserved quantities such as electric charge, strangeness and baryon
number, and therefore shed light on the phase structure of strongly interacting
matter [©].

 Method:

« Measure

. a, [} Particle species of interest: e.g., 7, K™, pp

* \/s. collision Centrality. N,, Ng: multiplicities of species a and pina
specific measurement acceptance.

[1] J. C. Collins et al., Phys. Rev. Lett. 34 (1975) 1353. [4] E. V. Shuryak and M. A. Stephanov, Phys. Rev. C63 (2001) 064903.
[2] E. V. Shuryak, Phys. Rept. 61 (1980) 71-158. [5] A. Bazavov et al., Phys. Rev. D86 (2012) 0345009.
[8] M. A. Stephanoy, et al., Phys. Rev. Lett. 81 (1998) 4816-48109. [6] V. Koch, Relativistic Heavy lon Physics, R. Stock, ed., pp. 626
2010.
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Relative particle yield fluctuations

Results: Centrality Dependence

Pb—Pb collision at

dy

ALICE, Eur.Phys.J.C 79 (2019) 3

aff _ paa pp af
1% Il—R2 +R2 2R2

Based on [V 4, in Based on
Centrality (%) | (dNeh/dn ) | Vaya|7, K] (107°) | Vaya[7,p] (107%) | Vaya[p, K] (1077)
0-5 1601+£60 | 1.3540.08 +0.25 | 0.59 £0.08 £0.13 | 0.59 £0.08 £0.13
5-10 1294+49 | 1.22 40.08 +0.22 | 0.19 £0.08 £0.06 | 0.46 £0.10 £0.11
10-20 966437 | 1.35£0.08 £0.21 | 0.38 £0.08 £0.12 | 0.98 4-0.10 £0.17
20-30 649423 | 1.69 £0.09 £0.21 | 0.29 £0.09 £0.15 | 1.76 0.13 £0.34
30-40 426415 | 2.27 £0.11 £0.25 | 0.01 0.18 0.18 | 2.39 +0.24 4-0.40
40-50 261+9 | 3.5240.16 +0.37 | -0.49 £0.18 £0.22 | 3.64 £0.32 £0.57
50-60 14946 | 6.43 £0.26 +0.96 | -1.38 +0.24 +0.29 | 6.54 £0.47 £0.92
60-70 7644 11.91 £0.53 £2.1 | -4.90 £0.58 £0.56 | 10.34 £1.0 £1.8
70-80 3542 2999 +£1.2 4+4.0 | -16.02+1.5+1.1 | 17.93 £2.0 +3.3

Always > 0 Changes sign! Always > 0

Always positive means: R} + Rgﬁ > 2R§‘ﬁ
Changes sign: R;“ + Rzﬂﬂ > ZR;ﬁ in mid to most central collisions
RY" + Rzﬁﬂ < 2R2“ﬂ in mid to peripheral collisions

“Anomalous behavior’in 7, p: Strongly violates 1/N scaling.
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Relative particle yield fluctuations ALICE, Eur.Phys.).C 79 (2019) 3

Results: Scaled Centrality Dependence

dN
. Vaﬂ X ch
Scaled values: v, I s KE

6——mr———————F———————1——
B ) ata, stat. uncertain .s = AA BB AB
Q:‘S i |:| ‘:;Isct:n?atticu:lctertaint; Y AlwayS pOSItIVG: R2 + R2 > 2R2
= B HIJING
;i - AU, g mating OFF, Rasctirig ON | Nearly constant from peripheral to mid-central, rises in
| ---- , String melting ON, Rescattering _ . .
w; | —— — AMPT, String melting ON, Rescattering ON i Central CO"lSlonS
'_IF: 2_\-—_—-_— -------------------- - H__
Elwen = " T
>° 0______________________T__.__T__.__T _______________ — + _
6_: —t ] - U~ VS. DD
5 f ALICE Pb-Pb |5, =276 TeV - R4 + RJ® > 2R:®Changes sign:
2 4 .
 f ; R} + RYP < 2R
+
o 2 — . . - - .
6 [amssrcoooIoIIITTITTT ] In peripheral to mid central collisions
N A s -
B O_'_}_.._;.‘ ______ m_—— -_ ... pu—
_% r.. -------- -
= )
20 ~
B I I I _ +
= of E pp vs. K=
b ] " AA BB AB
& Always positive: R2 -+ R2 > 2R2
i 23\ —————————— ] o 5 o
g [ - Nearly constant from peripheral to central collisions
Z i'i\-\. . = = L
>_§. O-______________:_:_'__T__'__T _____ —_— L ____ —
20 50 1000 1500
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Net Charge/Baryon/Strangeness Fluctuations

QCD at High Temperature

GCE Partition Function:

—p|H
Z(V9 Ta /’lBa /’lQa IMS) = Tr [e ﬂ<

Particle density [\

- Zi ﬂiNi)]

Taanz'= gV [
ou 212 Jo

p = 1/T, w/ T : System Temperature
H : Hamiltonian

u;: Chemical potentials

N;: Conserved number operators

p*dp
exp[(E; — ) /T] £ 1

>
S [#s
O 2 i
10°F . =
.
10F | T |
[ Data —.9, n
o smaR . Bk
PHENIX ] g
& BRAHMS
107 L] L] .2 E
f —— Model, x*/N,=31.6/12 i
T=164 MeV, .= 24 MeV, V=1950 fm? -

T KKppPpAAEZEQo
HRG Model w/ parameters T, ug, V

d d K*2* A*Ferke

Yield dN/dy

103 F ® Data, ALICE He %Mo 5., s—
- . g gt
104t  — Statistical Hadronization anle o
10°F
. o “He “He
10 £ A. Andronic, et al., PLB 792 (2019) 304 42
o 2F
'8 g
s 1.5F ;
% | L o S + + P ? ! + I
2 osf !

@ 0 d d %He

=

ol

wr KKK ¢ p P A A

W/ “feed-downs”: E&M, Strong Decays: e.g., A - p(n)+x , p >+ nx,../

Fit to ratios: Volume V cancels out

37— 3

He H SH“He’He

Thermal HG models predict observed abundances with spectacular precision
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Net Charge/Baryon/Strangeness Fluctuations

QCD at Finite Temperature

ai+j+k[P/ T4]
0 0

Susceptibilities: 29> =

" w/ f, = p,lT, q=B,0,S

i+j+k
Diagonal/Non-diagonal Cumulants: CngS = W In |Z(V, T, ug, Hos )| = = VT’ IkaS(T, K> Ko» Hs)
KOOl

Diagonal Cumulants: To avoid ambiguities associated with
— (N) — VT3 ‘1 the unknown volume V, consider

2 ratios of cumulants:
02‘1—Cq ((AN))—VT)(2

oy Cf )(
CI = ((AN,)®) = VT3¢ — = 22

M, M
CZ = ((ANq)4) — 3((ANq)2)2 = VT3;(Z q )(161 Measurements of C! nominally
Skewness ¢ 1 — C3 )(3 yield ratios of susceptibilities.
3 —
S, = <(A?VN‘12) 3>/2 = 532 ~ i g%q g, Should provide ability to prove
((ANp)) (03) .09 = 4 _ 4 properties of QCD matter near
KurtOSlZ(AN i o q-2 Cg )(2 QGP-HG phase transition
3= q q q
TN T el K% G _
q q
S, ¢!y
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Net Charge/Proton/Kaon Fluctuations

Goals and RHIC Results

' mﬁ
Afev \. .

 (Ultimate) Goal: F APRTSIRPP-RARS AARARLAAMRRS I nrysnsnasLay
10° r0.2<p1<2(GGVIC),h]l<0.5¥ 0.2 <pr<1.§(GeV/c).Iyl<0.5 + 0.4<pT<2£GeWc).lyI<0.5 1
* Experimental test of Lattice QCD (LQCD) predictions on § 10| s 5“;'@& 1 & i 2 1
second and higher order cumulants of net-charge, net- 5 10} ;?*Z%% 1 &8 | "% 1
strangeness, net-baryon distributions to search for critical gwh .o > 1 2% s RER :
behavior near the QCD phase boundary. A S T <oy ]
. : : p %, A S 1 e 1
« At RHIC, search for critical point — end point of 1st order e Sl A U T T
- 50 0 5 50 0 50
trans iti ons Net-Charge (AN,,) Net-Kaon (AN, ) Net-proton (AN, )
STAR: arXiv:1402.1558 STAR: arXiv:1309.5681 STAR: arXiv:1709.00773
Fr r 1T T‘ T T T T 1T 17T W‘ ] ——— . e . - . ]
j2 @) Netharge P 12| husAu Collisions at RHIC L@ NetKaon
I S O osl @ . Skellam Distrioution | Ceaf e, Au+Au
NO|§ 10 [ c’) 06 - . r. . o 70.80% | Sb o-1 2 ”‘K-..,;\\
= e : iy S 0-5% 3l T
% * 04 Net-proton 0. D‘ ' [ \g
0.2 | 0.4<p <0.8 (GeVic),yl<0.5 T 9 oo3r % ‘
12_:::::{ . — — osf (b) e 05% STAR ]
: - o  70-80% STAR 1
10 | 0.6 L} ~~~~~ 0-5‘5?; Poisson _
o . 8 B ——  0-5% NBD 1
@) 08 H o 0.4 f BEEE 05% UQMD ]
’ y NG x & D4 w r 1
* 06! ¥ S Ao |l 0.2 ¢ ]
@ Au+Au 0-5% ! ]
0.4 B Au+Au 0-5% (UrQMD) or : ' ; ]
£ 1.05 — " O:Ir:d; I?r?d. (0-5%): . (c) 0.2<p_<1.6GeVlc,lyl<0.5 |
~ il S
3 100 SO O - 4
3 ¢ O 3 Tolt oty :
gl —05% ' NBD @ 0% : ]
-10F . 305°8/<? » 'F\’lgigson © 0.90 T 1
.15; R | L L [ -I--x-l1710-180% POinson @' 085 b | | 4 2 1 - L ]
56 10 20 30 100 200 567810 20 30 40 100 200 7810 20 3040 100 200
Vsyn(GeV) Colliding Energy | s,,, (GeV) Sy (GeV)

C.P, Phys.Rev.C 100 (2019) 3, 034905 13
C. Pruneau, WWND 2024 — Jackson, Wyoming, CP, VG, SB AM, e-Print: 2310.07618



Net Charge/Baryon Fluctuations

Motivations

Vanishing light quark masses (LHC): 2nd order phase transition: HG < QGP
[3].

Realistic quark masses: smooth cross over [4, 5].

Can still probe critical phenomena at LHC (vanishing baryon chemical
potential) [6].

LQCD calculations [4, 5] exhibit strong signal for pseudo-critical chiral
temperature T ~156 MeV

« w/ T in agreement with the chemical freeze-out temperature extracted from
analysis of hadron multiplicities [7, 8] measured by ALICE. Strongly interacting

matter created in central collisions of Pb nuclei at LHC energies freezes out very < 200 AR
near the chiral phase transition line!?! S 1gop TN
. " . . " g e
 Hence, the singularities arising from the second order phase transition could = ™= “’}%@g%
- c 140
be captured by measuring fluctuations of conserved charges such as the net- ol Hadronic Matte °
baryon number. ool
eap - . g . .. : 0
« Evaluated within Hadron Resonance Gas (HRG), net-baryon distributions coincide 8ol .
with the Skellam distribution [9, 10]. 6ot :
 LQCD also predicts a Skellam distribution at T~156 MeV for the second cumulants of 40[ Points: Statistical Hadronization, T o :
net-baryons. oo Band: Latice QCD, T, e
L uclel
* Fourth cumulants of net-baryons from LQCD are significantly below the O ““1“03 :
corresponding Skellam baseline [11, 12]. Investigate QCD phase transitions w/ u_ (MeV)
. . B
measurements of fluctuations of conserved charges s(e.g., electric charge, baryon
number, etc) [1, 2].
[1] V. Koch, Relativistic Heavy lon Physics, R. Stock, ed. 2010. [7] A. Andronic,et al., Nature 561 no. 7723, (2018) 321-330.
[2] STAR, Phys. Rev. Lett. 112 (2014) 032302. [8] A.Andronic, et al., Phys. Lett. B792 (2019) 304—-309.
[3] M. A. Stephanov, Prog. Theor. Phys. Suppl. 153 (2004) 139-156. [9] K. Redlich,Central Eur. J. Phys. 10 (2012) 1254—1257.
[4] A. Bazavov et al., Phys. Rev. D85 (2012) 054503. [10] J. G. Skellam, J. of the Royal Statistical Society A109(3) (1946) 296.
[5] S. Borsanyi, et al., JHEP 10 (2018) 205. [11] A. Bazavov et al., Phys. Lett. B795 (2019) 15-21.

[6] B. Friman, et al., Eur. Phys. J. C71 (2011) 1694. [12] A. Bazavov et al., Phys. Rev. D95 no. 5, (2017) 054504.
C. Pruneau, WWND 2024 — Jackson, Wyoming,



Net Proton Fluctuations ALICE, PLB 807 (2020) 135564

Method/Definitions

Number of baryons & anti-baryons in a given event: ng, ng

Net baryon number: Ang = ng — ng

Probability of ng, ng: P(ng, ng)
Net baryon cumtojolants:
k(Ang) = ) AngP(Ang) = (Ang).

0

(Ang) = Y (Ang — (Ang))” P(Ang) = ((Ang — (Ang)) )

Ang=—00
K (Ang) = Kky(ng) + Ky(ng) — 2 ((”B”E> — (”B)(”B))
Cov|ng, ng] = (nghg) — (ng){(ng) = 0 in absence of correlations.
For vanishing correlations:
K (Ang) = ky(ng) + k;(ng)
Using net-proton fluctuations as a proxy to net baryons.
Protons identified based on dE/dx and TOF w/ Identity Method [1,2]

[1] Gorenstein et al. Phys. Rev. C83 (2011) 054907
C. Pruneau, WWND 2024 — Jackson, Wyoming, [2] Pruneau, Phys.Rev. C 96 (2017) 5, 054902 15



Net Proton Fluctuations

C T T T T I T T T T I T T T T I T T T T T T T T I T T T T I T T T T

 Cumulants are extensive quantities,

— ® ALICE, stat. uncert.
1 it el [ syst. uncert. -

Deviations from unity

: ALICE, Pb-Pb |s,, = 2.76 TeV - Kz(np'nﬁ) _
[ 06<p<15GeVic,inl <08 O xn)+n) * |.e., proportional to the system volume.
4 Model NPA960 (2017) 114-130 . 1,(n) 5 ] . _
" o ) 1 ¢ Explains the centrality dependence of all cumulants,
- o xn) 1 * Consider normalized cumulants to suppress system size
30 O Kk4n) ]
N g i dependence.
2008 -
?8 e : R, = 15(n, — n-)/(np +115),
L e u _
B e ~ -
I .I..O..I..i..ll_

Deviations from unity twice as large as for R 1

1 Results are compared with predictions from a model

0 10 20 30 40 50 60 70 con:_structed recentl_y [1], In which_ participant fluctuations
centrality (%) @are included following the analysis of the ALICE

centrality selection. Within uncertainties, the model

predictions are consistent with the measured R, values,

lending support to the interpretation that volume

fluctuations are largely at the origin of the observed
[1] PBM et al, Nucl. Phys. A960 (2017) 114—-130 deviation.

C. Pruneau, WWND 2024 — Jackson, Wyoming,




Net Proton Fluctuations ALICE, PLB 807 (2020) 135564

Results vs. Acceptance

R, = ky(n, — ns)/{n, + ns)

¥ T T T T | T T T T | T T T T | T T

o "~ ALICE, Pb—Pb |5, = 2.76 TeV 1 Authorst | |
i 0.6 < p < 1.5 GeV/c, centrality 0-5% il Linear behavior predicted based on the assumption
1 -1__ o ratio sl uncert  -eon-- ocaconserv.ay =5 |  Of global baryon number conservation (?1?) [1, 2, 3],
[ syst. uncert. —_ local conserv. Ay =2 which induces correlations between protons and
i i global conserv. . —— HIJING antiprotons leading to the following dependence on

the acceptance factor a.

Rl — 1 — d,
where a = (np)/(Ng”),

(n,) measured
(N3™) estimated from HIJING, AMPT simulations

But one can also show that baryon conservation
dominates the strength of the cumulant [4].

[1] PBM et al, Nucl. Phys. A960 (2017) 114—130,
[2] S. Mrowczynski, Phys. Rev. C66 (2002) 024904
[3] A. Bzdak,et al., Phys. Rev. C87 (2013) 014901
[4] Pruneau, Phys.Rev.C 100 (2019) 3, 034905

C. Pruneau, WWND 2024 — Jackson, Wyoming,



Net Proton Fluctuations C.P., Phys.Rev.C 100 (2019) 3, 034905

Baryon Number Conservation

Second order cumulant : k,(AN,) = FP + FP + FPP 4 FPP — 2FPP

| ALICE Preliminary, Pb-Pb |s,, = 2.76 TeV |
1. 1j 0.6 < p < 1.5 GeV/c, centrality 0-5% 7]

(P - P
(Skellam

Poisson limit (Skellam) : Kzske”am(ANp) =F f + I ? = <Np> + (Np> i 22 s et
',\AN 1 05; = z):r;o?lnggnﬂs-erv. arxivi1612.00702 _

7= syst. uncert. HIUING, AMPT

Ratio of k,(AN)) to Skellam :
o8N, PP+ P -2y

r = =1+ -
ANp KZSkellam( ANP) F{) 4+ Fll?

0.95- .

FP . ER
LHC: (Np) ~ (Nﬁ) . TAN, = 1 + ?1 [Rg,P + R129,p _ 2R§,p],

C t 1+ : dNTA PP
onsequently . rANp = 7’]Vd’ .
4 dn yn

Trivial result:

Correlations exist: non Poisson behavior obtained from r,, vs. An...

C. Pruneau, WWND 2024 — Jackson, Wyoming,



Net Proton Fluctuations ALICE, Phys. Lett. B 833 (2022) 137338

Vs. Balance Functions (BF)

oo Integral of the
Function

ALICE Pb-Pb ﬂsNN =2.76 TeV m, K: 0.2<p_<20GeV/c p: 0.5=p_=<25GeV/c

30-40% 30-40%

—~ 02Ff =~ 0.15°
g g
< 0.154-"" ~ 014--
@ _____ 4 ’8\- -
< 0y /i < )
A y 00577 \ A
2 0.054 y = s "R % WLNSAY
; s e\ R RO
04 WAV RG] MO NN
S © T ERAIERTE
SRR TORNRAZA A/ D
- 3 -1 X '\'* NSO SRR
1 . 7\ > "\’\\‘A‘( \"\ y\‘(, KN
4G g 2 X/ . 2
A® (rad) Ag (rad)

® BF: Near-side peaked -> Not enough time to diffuse and “randomize”

yé’y”z s related to the integral of Balance Function [1], determined by...

e width of the acceptance
e collision dynamics
e Exercise caution in the interpretation of cumulants and their ratios...

[1] C.P., Phys.Rev.C 100 (2019) 3, 034905

C. Pruneau, WWND 2024 — Jackson, Wyoming,



Disoriented Chiral Condensate (DCC)

Sigma Model - Pion & Kaon Sectors

. . . . K.L. Kowalski, C.C. Taylor, hep-ph/9211282
For 2nd order phase transition in QCD: K. Rajagopal, F. Wilczek, Nucl.Phys. B399 (1995) 395

Landau-Ginzburg free energy w/ 2 massless quarks

1 . 1’ A 2 u : renormalized mass (7)
. 3 Al pa a” o f a
F= Jd X 26 $“0:p > »“b, A (¢ ¢06) A: strength of coupling

Rewritten in terms of ¢ and 7 fields (“Mexican-hat” potential).

e Condensates:

e 2 flavors: ¢  {(Giu + dd)

e 3 flavors: 6  cos @(iiu + dd) + sin O(5s)
e “Normal Vacuum”:

o 77,77, 7" equally probable.

o KT, K~, K’ K" equally probable
¢ Chiral symmetry restored at high-7

/ ¢ Quenching to low-1"
e New field “‘orientation”

e Disoriented Chiral Condensate (DCC)

C. Pruneau, WWND 2024 — Jackson, Wyoming,



https://arxiv.org/abs/hep-ph/9211282

Search for DCCs

Kaon Isospin Fluctuations

* Condensate w/ 3 light flavors (u,d) [1,2]:

_ i:; /" \Normal
o o cos O(iiu + dd) + sin 6(5s) /A
” /// \\ DCC
g: / (Single domain)
 Neutral Kaon Fraction: / \
0.5 / \
f NKO —l— NIZO OOAT%I o4 o5 s 0.7“\‘04.8\_4_0.911.
Ngo+ Ngo + Ng- + Ngs
- Model Expectations
e Normal Vacuum: Binomial distribution
e Strange DCC: Uniform distribution
_ [1] Randrup et al, PRC 59 (1999) 3329
C. Pruneau, WWND 2024 — Jackson, Wyoming, [2] J. Kapusta, S.M.H. Wong PRL 86 (2001) 4251



Search for DCCs ALICE, Phys. Lett. B 832 (2022) 137242

Kaon Isospin Fluctuations

Integral (Ny(Ng = 84))

correlators: Raﬁ = (NN N, , Nﬂ : Number of particles of types a,
al/\\p

within acceptance

NU'dyn: V;}'ﬁl —_ Raa + Rﬂﬂ — 2Raﬂ

Charged Kaons: ng;K_ = Rysgs + Ry - — 2R -

Neutral vs. Charged

Kaons:

« Rypand ygyﬂn are robust observables (approx. independent of efficiencies)

» Measure relative strength of charged-charged (cc), neutral-neutral (00), and

charged-neutral (c0O) kaon correlations.
* Independent source scaling (n sources): _

* Proposed as indicator of anomalous production of kaon 1sospin fluctuations - a signal

of DCCs [3]
« Shown to be sensitive to small or multiple DCCs [4]

[1] C.P., S. Gavin, S. Voloshin, PRC 66 2002) 044904
[2] C.P., S. Gavin, S. Voloshin, Nucl.Phys.A 715 (2003) 661.
[3] Gavin, Kapusta, PRC 65 (2002) 054910

[4] R. Nayak, S. Dash, C.P., PRC 004900 (2020).
C. Pruneau, WWND 2024 — Jackson, Wyoming,



Search for DCCs

Kaon Isospin Fluctuations

003 LA BB BLELELELS BUELELELE BN BN BN B

(a)
ALICE, Pb-Pb r 2.76 TeV, Inl <0.5 m
K 02<p (GeVic)<1.5

. udyn[K;)Ki]

N

e HIJING/AMPT/EPOS:

0.02 -~ e Data:
K O4<p (GeV/e)<1.5
| : R .+ R\,> 2R
. ) cC 00 cO
0.01 KK — e “Flattening behavior” in central
& e i collisions

o den[KS_I_K_]

- ] * Data:
~0.1F e-ALICE AMPT NN e R, +R <2R
L _HIING ---- SON ROFF "N T - . -
- SOFF RON NN . e Pair creation dominance
-0.151 — — SON RON \'& e HIJING/AMPT/EPOS:
- EPOS- LHC F 5.02 TeV " I\ e “Similar” centrality dependence
~0.2¢t : L L e HIJING (1/n) Close to data

0@ 20 40 60 N80
Centrality (%)

C. Pruneau, WWND 2024 — Jackson, Wyoming,



Search for DCCs

Kaon Isospin Fluctuations
a = (Ngo)™" + (Ng=)™!

0t
o Ddyn[KS K ]/a
0.3_ '('b)' L L L L L L L | ) Data:
- o, ALICE, Pb-Pb |5\ =276 TeV, i <05 1 e Strong correlation (excess) in
0ol ol KCi02<p (Celi) <15 3 central collisions
L[ s:0.4<p_ (GeVic)<1.5 _ e Strong 1/N scaling violation
Z E| i e “Anomalous” fluctuations
0.1 o) N e HIJING/AMPT/EPOS:
3 s o . e (Nearly) Flat as expected from 1/N
\g B i scaling.
> 0 -
01 | 1 e UgulKTKT)a
' . e Data:
_ i e \ery small dependence on
0.15 ] .
- centrality
0.2 . e Approximate 1/N scaling
""[ -e-ALICE AMPT i e HIJING/AMPT/EPOS:
_0.95 - —HUING ---- gggipgcgﬁ E o Very slmall dependence on
F —— . centrality
p  EPOS-LHG, @f&?? ev.. ] e (Expected) approximate 1/N scaling
0 20 40 60 80 — No rescattering, no significant
radial flow.

Centrality (%

N

e Magnitude slightly off relative to
data — “decent” agreement.

C. Pruneau, WWND 2024 — Jackson, Wyoming,
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K* vs. K' fluctuations ALICE, Phys. Lett. B 832 (2022) 137242

pr Range Dependence ??

DCC expected to be more prominent at lower p
Study pp dependence of vy, [K K™

3 _ 7 0} 7

3 0.25 ALI(;II_—ZI,CEb-Pb (S = 2.76 L?XN gql <0.5 1 *Viyn | K h K|

H —

A’ O 2 —0— 02< P, (GeV/c)<1.5—— 0.2< P, (GeV/c) <1.5_—
o w Y. —6— 02<p] (GeV/c) <1.0----- 0.2<p] (GeV/c) <1.0 = e Data:

X - ﬂﬂﬂ —5-1.0<p (GeV/c) <2.0— - 1.0<p_ (GeV/c) <2.0 ]

C B ] . . . .
2015 T i 1 e Scaling violation in both p

0.1 ranges
E---§>_<--5-) - [ﬂw [UiD - 13 . b}
005 ™ * Marginally weaker at “higher” pr
§ 12 TumiegnisipEigns 3 e prdependence within
‘o% .éﬂ ﬂ ﬂ ﬂ ﬂ ﬂ ﬂ _§ systematic errors.
N 2« HUING:
e 128 T T 3 ¢ Amplitude exhibits small (finite)
o 1444 PR dependence on pr range
z 1f 1 H E :
2 0.9 E_H—é‘% ? ? % 3 * No evidence fora DCC
0 20 40 60 80  “surge” at low pr.

Centrality (%)

C. Pruneau, WWND 2024 — Jackson, Wyoming,



+ 0 :
K~ vs. K" fluctuations ALICE, Phys. Lett. B 832 (2022) 137242

Rapidity Range Dependence

‘IH_l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
X 0.01F (a) —
o W ALICE, Pb-Pb |5, =2.76 TeV, Inl <0.8
X - K*:02<p_(GeV/c) <15 .
% i Kg: 0.4 <p_(GeVic)<15 1
S
0.008 —
0.006 (x 18) ]
ALICE HIJING
— -0~ 0-5% — 0-5% -
-=-5-10% —5-10%
i | | | | I | | | | I | | | | I | | |
0) 0.5 1 1.5

An
An correlation features ‘“narrow’’ peak atop broad distribution.
Not readily compatible with DCC production.

C. Pruneau, WWND 2024 — Jackson, Wyoming,



Source of K* vs. K" fluctuations scaling anomaly

DCC & DIC Theoretical Models (%@

J. Kapusta, S. Pratt, M., Singh, Phys.Rev.C 107 (2023) 014913.

 DCC: Disoriented Chiral Condensate Model

* Examined several scenarios of kaon production, e.g., charge
conservation effects, Bose symmetrization, resonance decays,
degenerate kaons from condensates.

* Concluded condensates provide the only way to explain ALICE results.

J. Kapusta, S. Pratt, M., Singh, 2306.13280 [hep-ph]
* DIC: Disoriented Isospin Condensate Model

o “If the scalar condensate, which is typically associated with chiral
symmetry, is accompanied by an isospin=1 field, then the

combination can produce large fluctuations where {iiu) # (dd).
e Hadronizing strange and anti-strange quarks might then

strongly fluctuate between charged (uS, su) and neutral (dS or
sd) kaons”

C. Pruneau, WWND 2024 — Jackson, Wyoming,



* Presented studies of integral correlations — particularly fluctuations of
conserved guantities.

* Models typically fair poorly relative to the measured data —need for
increased focus and ideas from the theory community.

« Many possible extensions to these studies

« Based on more recent data, new collision systems and beam
energies

* |dentified particles, including weakly decaying particles

Thank you for your attention

C. Pruneau, WWND 2024 — Jackson, Wyoming,



Dynamical fluctuations in Heavy lon Collisions

* Presented several studies of integral correlations — including
fluctuations of conserved quantities.

* Models typically fair poorly relative to the measured data
* Need for increased focus and ideas from the theory community.
* Need to check w/ more modern models (e.g., EPOS4)
* Many possible extensions to these studies
* Lots of new data, new collision systems and beam energies
* Higher moments,
* Identified particles, including weakly decaying particles

e Also consider more differential measurements — correlation
functions and balance functions.

Thank you for your attention

C. Pruneau, WWND 2024 — Jackson, Wyoming,



Additional Material




Disoriented Chiral Condensate (DCC)
DCC in Kaon Sector Detectable w/ vy, [K{, K*]

S. Gavin, J. Kapusta PRC 65 (2002) 054910
S. Gavin, et al., Nucl.Phys.A 715 (2003) 657, J.Phys.G 30 (2004) S271

Kaon isospin fluctuations measurable with v, , observable.

0.02 0.004 | :
Vayn 0.000
-0.02 % -0.004 + -
i aHUNGoc ] 0008 1 )
~0.06 »" AHUING 0+ ' — HUING -
" O eurdMDoc | -0.012 ¢ —- 20% dcc |
TI / O UrQMD 0+ | B -~ 10% dcc —
-0.10 "—H— -0.016 —L———
0 200 400 0 200 400
M M
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Net Charge Fluctuations ALICE, Phys. Rev. Lett. 110 (2013) 152301

ALICE Results: Pbo—Pb @ /5 - 276 TeV O8]

e e |
. 0-50/0 7 :- T T T T ™TTTTT T T T T T T :
*  20-30% ] oF EN
B 40-50% 3.5 05F * 15
Function Erf An ] - ok :
L Extrapo|at|o \80f % -1 ?—HIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII%IIIIIII|II||||||I||I||IIII|||'|§3
X [ 11111 Hadron Gas ] o
1 -15:_ OGP _:25
Primordial - - % STARAu-Au .
fluctuations??? . -2F  m ALICE Pb-Pb An= 1.0 B
. [ @ ALICEPb-PbAn=16 :
-25F —11.5
ol -1
10 102 10°
\ Snn (GeV)

Charge Conservation!

Scaled nu-dyn vs. beam energy

trends towards D ~ 1 with increasing \/E ??
QGP or some other (trivial) effect ??

- Opportunities for new measurements?
- PbPb at 5.02 TeV, XeXe at 5.4 TeV, etc
My take: Consider differential measurements instead —> balance functions.
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Experimental method

n~, K=, p, D identification/classification

TOF velocity vs

T 1 T T T T L I .

.....

Pb-Pb |5, =2.76 TeV

llllllllllllllllllllll

\o=

llllllll

R R N

02 0.3 1 5 3 4 5678910 20 TR ;
p (GeV/c) p (GeV/c)
no method: ldentity method:
* Event-by-event Counting [1] M. Gazdzicki et al., Phys. Rev.C 83 (2011) 054907

[2] M.I. Gorenstein, Phys.Rev.C 84 (2011) 024902

e (Candidates: no methpd

{ dE AE 1 3] A. Rustamov, Phys.Rev.C 86 (2012) 044906
no = S [4] C. Pruneau, Phys.Rev.C 96 (2017) 5, 054902
o 5 (d_E> dx dx _ [5] C. Pruneau, Alice Ohlson, Phys.Rev.C 98 (2018) 1, 014905
dx measured partlcle_

e Similarly w/ TOF signal.
e Contamination 1-3 %
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K= vs. K” fluctuation analysis

K! identification & selection
ALICE, Phys. Lett. B 832 (2022) 137242

« Standard ALICE topological (VO)
selection criteria,
« See backup for details.
 Invariant mass selection,
« Kinematic selection:

y|< 0.5,
« 0.4 <pr<1.5GeVic.

I

>,
K ] DCA VO -ve
i DCA VO '

e Event-by-event Counting: s T
. 1‘; | Kg:0.4 < P, (GeVic) < 1.5 Zail;?ro:;kd under
® Candldates: 0 104 Z]LFC?ES Prgoxy{z)thelbaci;ground
5 E 0-5 % under signal pea E
e 048 <M. (77)<0.515 GeV/c? 8 Erorbim-ertov] | . o
1nv Background fit

I T

— Signal + Background fit

e Contamination 1-4 %

. . 3 |- —
e Background (fluctuations) estimate: E 5 §
¢ From side bands Pttt rma s
10° | e : ’é‘:‘i:m%
- ! ; G ! !

0.45 05 0.55

M... (GeV/c?)
C. Pruneau, WWND 2024 — Jackson, Wyoming, 34



Experimental method — one more thlng ALICE, Phys. Lett. B 832 (2022) 137242

Combinatorial background and correction

Single yields: Pair yields % : E'Uz 55 e igkfrf bdkgd
NC : Number Of Ki NOO — NSS + Nbb + 2NSb § Eggs_gEM=2.76 TeV . [B);:;igroundfit | i
N . b f . lKo NSS = NOO —_ Nbb —_ 2NSb NS 5: —SlgnaI+Backgroundflt: N
¢ - Number of signal K N,. = Ny, — Ny, 1035 — b
N, : Number of background pairs Pt w e /
No = N+ Ny f, = N/ Ny : . "
— l0.i15l — IO.ISI'I l ‘O.g5l -
M.... (GeV/c?)
Use “side windows” to estimate yield of background in the signal region.
Example:
<NING—D > <NWNy-D>  2f < NyN, > . f? < N,N, >
< N, >2 < Ny >2 (1_f)2 <Ny> <N, > (1_f)2 < NN, —1)> <N, >

Corrected 14, based on side mass windows

corrected __
ydyn o

< N, >? < N, >? <N,>< N>

<N (N,-1) > N < N(N,—1) > 2 < N_N, >

C. Pruneau, WWND 2024 — Jackson, Wyoming,



Experimental method ALICE, Phys. Lett. B 832 (2022) 137242
Closure test

‘ 1 L B L DL DL B L DL
Test performed with —  ALICE Simulation, Pb-Ph {sy =276 TeV

HIJING + ALICE/GEANT - Ke:04<p_<15(GeVic), I <05
: K™ 0.2 1.5(GeV/c), | < 0.5
® Analysis done at <Py <19V +
B HUING Gen
® Generator level (Gen) A HUING Reco

® GEANT processed + full
reconstruction (Reco)

n N .

N 121 —
@ - .
S ke e o ¢ ¢
S I .
v T i
zO.S— N B —
0 10 20 30 40 50 60 70 80
Centrality(%)
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K* vs. K fluctuations ALICE, Phys. Lett. B 832 (2022) 137242

Exploit HIJING approximate 1/N scaling

Study ratios of data to HIJING for three terms of v,

KK~ _
v dyn ROO + Rcc o 2RCO

o Excess of 14, in central
collisions from the covariance

o*
.
o*
.

5 1.4 — S e Variance terms have little to no
Z T ALICE, Pb-Pb |s,,=2.76 TeV,m <05 1  centrality dependence.
5 - K*:02<p_(GeV/ic)<15 -
T [ .....Ka04<p (GeVio<is5 1 eApprox.1/N scaling.
~1.2F [ﬂ [{ a
© : :
-'C_U' _I}] Iil Iil EI 1 ................................ - QCOvanance term varies by more
D : R ..".".-:::::‘-‘.‘:".‘.‘::::=§“ ---------------------- E ........... - than 20% With Centrality.

b 484

Byt @

0.8(= T ~ Ry, term.
[ﬂ Ao e Expected from fluctuations

caused by DCC
06— 20 "8 s fluctuations.

Centrality (%
C. Pruneau, WWND 2024 — Jackson, Wyoming,




Net-Charge Fluctuations

Measurements & Observables

N CI)q: S. Mrowczynski, Phys.Rev.C 66 (2002) 024904.

e LUgyy methods Paper - C.P., 5.G., S.V. - PRC 66,
44904 (2002).

 Some key Measurements...

+ PHENIX (130 GeV) - K. Adcox, et al., Phys Rev.Lett. W o =22/
89, 082301 (2002)

- STAR
 AuAu @ 130 GeV, PRC68, 044905 (2003).

V
» AUAU @ 20, 130, 200 GeV, Phys.Rev.C 79 (2009) o
024906.

* Higher-moments: Nucl.Phys.A 830 (2009)
555C-558C.

. NA49 (20, 30, 40, 80, 158 A GeV), Phys.Rev.C70 WP @,
(2004) 064903

.+ CERES J.Phys.G 30 (2004) S1371-S1376.
. ALICE, Phys. Rev. Lett. 110 (2013) 152301 » .

C. Pruneau, WWND 2024 — Jackson, Wyoming,



Mathematical Foundation

e Consider identical’ systems characterized by a
discrete or continuous observable X.

« Assume X fluctuates event-by-event according
to a probability distribution function

(discrete) or a probability density function: . Centered moments, for n > 2:
p(x)- m, = (Ax?) = N (x — (x))2 p(x)dx
« Moments of X of ordern = 1,2, ... defined as _ ¥ —oo ,
] variance of X: Var[X] or o~.
expectation value oo ;
m; = E[x] = (x) = ) x p(x)dx my=(Ax) = | (x=(x)" pOdx
| = = — p o 580 .
S anof X —00 my = (Ax") = (x — (x)) px)x

&0 ms, my related to skewne

m, = E[x?] = (x2> = x2 p(x)dx kurtosis...
dn&m

m5 = E[x3] — <x3> — X3 p(x)dx Dispersion  ~ Asymmetry Shape
J_ o IZEY o3 P(X) L P(x)

1

etc =
0.6 0.15 1+

0.4 0.1-
0.5+

0.2+ 0.05+

0 ' 0

% 4 2 0 2 4 06— 4 2 0 2 4 6 52 4 0 1 2 3
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Net-Charge Fluctuations

* Poisson Distribution (Fluctuations w/ no correlations)

n_—u ny =
P(nlu): U €' » < > H
" Var[n] = (An?) = u

. Poisson Limit for the variance and covariance of N,, Ng:

Var[N,]=(AN,”)=(N,)
) Finite but “trivial” because
Cov _Na,Nﬁ] = <ANaANﬁ> =0 it is devoid of correlations

and information

e Poisson Limit of “nu”

(AR°) _ (N,) |, (Vo) oottt
- 2 Upoisson = <Na> + <Nﬂ>

_I_

(RY (V) (N,

C. Pruneau, WWND 2024 — Jackson, Wyoming,



Mathematical Foundation

Generating Functions

* Method to systematically compute * Also convenient to introduce a
moments in terms of a moment cumulant generating function
generating function M(¥) : according to :

0
— X1 — A
M(t) = Ele™] = J e”'p(x)dx G(?) = log (E[e™]) = log M(?)
. Expressing e™ as Taylor series, one
verifies: « Cumulants, often denoted C,, are then
" M(7) computing according to
"y = or" "G
n
Derivatives are first calculated at dr =

order n and then evaluated att = 0. - S
® One similarly defines joint cumulants

of multiple variables and joint
generating functions.

See my textbook for details. -
41
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Mathematical Foundation

Cumulants

. Given G(1) = log[M(1)], it is * Measurements of fluctuations of

net qguantum numbers
« Cumulants C, of Net Charge,
Strangeness, Baryon number.
- Related to QGP susceptibilities
n

straightforward to express
cumulants in terms of moments
(and conversely) :

Cl — mi )(q_

C2 — mé — m, /2 - Search for critical point of
nuclear matter.

C3 — mé — 3mémi + 2m1 .  Measurements of particle

4+ multiplicity fluctuations
« Cumulants G, of N,
- Nominally related to the

compressibility of nuclear
matter.

C, = mj, — 4mim| — 3m,”* + 12m}m,"* — 6m,’

...andsoon ...

C. Pruneau, WWND 2024 — Jackson, Wyoming,



Mathematical Foundation

Generating Functions

- Densities  Factorial moments generating
) dN D5 d°N functions:
P1\P) = —= Py \P1:P2) = — = 5 5 ===
1 g 2 dp,dp,
K K .
- Factorial Moments are denoted f,, Gi(5) = Hséva = Z H(sa)Na P(N)
- Integrals of n-particle densities p,(py, - --» P, a=1 N \a=l
. s, represent K distinct auxiliary
fr= J pi(p)dp = (N%) variables associated with the K
Q stochastic yields N,, a =1,...,K
— Average number of particles o |ntrOdUCing aSa — 0/0Sa, one verifies
af — b3 BNAR. AR — a(np _ U Uy
N L Py (D1, P2)dp1dp, = (NU (NP = 8,5)) fV11/2~-V1< = asg---asgaslle .
— Average number of pairs corresponding to mixed factorial

o8 e moments of order vy, U5, ..., Vg for
£ = Lp3 "(P1> P2 P3)dp dpydp; = (N*(NF = 6,5)(N” = 6,, — 5)) species 1 to K.

— Average number of triplets
And so on...
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Mathematical Foundation

Factorial Cumulant and Generating Functions

e Provide another tool to characterize particle

production
- Directly related to differential correlation
functions Singles:
* Definition of the factorial cumulant generating Fy = 0,Gg - (N%)
function:
Pairs:
aff __
. F” = asaasﬁGF _
— —_ aﬂ _ fo ﬂ — a _ _ 104
Gr(5) = In Gi(s) = ]nz (Sa)Na P(N), =[P —f1fF = (NP = 8,p)) — (N*)NP)
ﬁ a=1 Triplets:

e Factorial cumulants are defined and computed

according to

= O*k...9"20"1
Uily...Ux — asK aszaslc;F
s

—>=1

C. Pruneau, WWND 2024 — Jackson, Wyoming,

F3aﬂ7 = (N¥ (NP — 8,5)(IN" = 8, — 85,))
_<Na(Nﬂ o 6aﬂ)><Ny> — <Na(Ny — 5ay)><Nﬂ>
—(NP(NT — 85, ))(N) +2(N*)(NP)(N7)

And so on...

- Factorial Cumulants are of interest

because they identically vanish in the
absence of correlations.

+ Simple cumulants do not have that

property.



Mathematical Foundation

Normalized Factorial Cumulants

It is also useful to define normalized
factorial cumulants

FFP (N (NP —1)) = (N*)(NP)

R = =
> FpRf (N)(NP)
N* (NP -1
’ (N*){NP)
FY
And similarly for higher orders: R§‘ﬁ7= )
FFIFY

Normalized Factorial Cumulants
also identically vanish in the
absence of correlation (Poisson
statistics)

C. Pruneau, WWND 2024 — Jackson, Wyoming,

e Measurements of fluctuations of relative
species abundances.
+ +
ec.g., K~ vs. &~
. Wlth Udyn:

Vg = RI7+ Ry% — 2R7S

- Related to the proximity of phase
boundary and critical point.
« Measurements of 7+ vs. 7° and K* vs. KV
fluctuations.

- With vy,
e *K? KEK* KIK? A p KK
dyn =R, =+ R 2R

* Possible S|gnatures of the productlon
of disoriented chiral condensates.
* Measurements of average (event-wise) pT
fluctuations.
- Related to temperature fluctuations
and the specific heat of nuclear
matter.



Dynamic Fluctuations

1/N Scaliing

By construction, the factorial cumulants /7, scale in
proportion to the number m of (non interacting) sources.

With m sources of particle and non interacting particle from A
these sources, one has A

F = mpD

*

» \

F,(ll) : factorial cumulants for a single source

: L participan
F,gm): factorial cumulants for a superposition of m — SR ® tSectator
independent sources. y~100 at RHIC » s

y~1000 at LHC

By construction of R,, one gets:

(m)

ron —_f2 1o R{V
> ) 1 (m) 2 R(™ =

FyR m 2 (Ng)

1/m referred to as dilution of the correlation strength in
the presence of a superposition of m independent and

identical sources (on average). (m) Viyn
By construction, vy,,, obeys the same scaling: “ayn = (N.p)
1
pym — — ()

dyn m dyn
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Source of KT vs. K" fluctuations scaling anomaly

DCC or DIC? (%%

J. Kapusta, S. Pratt, M., Singh, 2306.13280 [hep-ph]

o I = O iso-singlet: ({iiu) + (&d))/\/z
 Lowest excitation: f,(500) or 6 meson.
o I = liso-triplet: (du), ({(Gu) — (dd))/4/2, (ad)

- Lowest excitations: a7, a,, ag, i.e, ay(980)

e If only I = O field were present,
* |t should couple equally to charged and neutral kaons.

e Ifboth/ =1, =0and I =0, I; = 0 contribute in similar amounts,

e They could combine to form nearly all {@iu) or all (dd) condensates.

* Provides seed for the formation of charged and neutral kaons, respectively... leading to
isospin kaon fluctuations.

* Authors given concrete estimates of number of DIC needed to explain measured values
given the observed number of kaons.

e “Although the DIC mechanism investigated here is speculative, it seems
to be the least questionable explanation for the ALICE measurement of

Vayn thus far”.
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https://arxiv.org/abs/2306.13280

Historical context

Past theoretical and experimental studies

* Found 138 publications on DCCs in inspirehep.net

® Mostly theoretical works on DCCs in the pion sector

® Fvidences for New Type of Cosmic Ray Nuclear Interactions Named CENTAURO, M. Tamada, Nuovo Cim
B41 (1977) 245.
® Fxplosive Quark Matter and the CENTAURQO Event, J.D. Bjorken and L. McLerran, PRD 20 (1979) 2353.

® Baked Alaska, J.D. Bjorken et al. SLAC-PUB-61009.

* Few theoretical works on strange DCCs
® /s anomalous production of Omega and anti-Omega evidence for disoriented chiral
condensates?, J. Kapusta, et al., PRL 86 (2001) 4251.

® Kaon and pion fluctuations from small disoriented chiral condensates, S.Gavin, J.
Kapusta, PRC 65 (2002) 054910.

® Strange disoriented chiral condensate, S. Gavin, 18th WWND (2002).
® \ery few experimental searches — All with negative or non-

conclusive results:

® Minimax @ Tevatron: J.D. Bjorken et al., PRD 55 (1997) 5667; T.C. Brooks et al., PRD 61 (2000)
032003.

® \WA98 @ SPS: T. K. Nayak, Nucl.Phys. A 638 (1998) 249¢c; M.M. Aggarwal, PLB 701 (2001) 300.

® STAR @ RHIC: S.M. Dogra et al., J. Phys.G 35 (2008) 104094.

® E864 @ AGS: P. Fachini (Thesis, Wayne State), et al., APS Meeting, (1999).
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