


Fluctuations in high-energy particle collisions have played
an important role in understanding QCD over the last

decade

The system fluctuates in many aspects, especially
* |nitial State

* Hydrodynamics

* Hadronization

* Near a Critical Point

Rosi Reed Quark Matter 2018 2



ision before 2010

-

Heavy-lon Coll

2-particle azimuthal correlation structures arise from two contributions:

* Elliptic flow = anisotropic hydrodynamic expansion of the medium
from an anisotropic initial state

* Non-flow = resonances and jets and ...
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Heavy-lon Collision 2010+

2-particle azimuthal correlation structures arise
* Elliptic flow

* Non-flow

* Event-by-Event Fluctuations
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Lesson: We should
be careful not to be

fooled by a

| compelling picture!

2-par 5

Ell]
No

Event-by-Event Fluctuations
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Wealth of Species Data
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er (1] [l [ pNb from Hades,
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Cuxcul & |63 [] Nearly two decades
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e e (] allowed us to scan
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povey [as]a [ 1] many directions
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< Energy .
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Heavy lon Experimental Controls

Vary the geometry x Same size and life time
(different collision species) (same collision energy)

Fix the geometry x Vary size and life time
(same collision species) (different collision energy)

Construct observables sensitive to one aspect of the system and
take ratios to isolate physics mechanism in question
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Evolution of a Heavy lon Collision

collisions thermalization hydro hadronization freezeout

Initial fluctuation  hydrodynamic model ~ final state interactions
Fluctuations develop at every stage of the collision
* How do we differentiate them?
 What do we learn about QCD?

Nonaka, Chiho et al. PTEP 2012 (2012) 01A208
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Initial State Fluctuations

The initial conditions are the major unknown for the
hydrodynamic evolution

 No 1t principle treatment of non-equilibrium QCD to
calculate the initial stage

— Efforts with CGC, etc are underway
* I|nitial state profile is constrained from experimental data
 Required to extract QGP transport properties

Initial state spatial anisotropy is approximately beam energy
independent

Viscous attenuation is beam energy dependent
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Initial State Fluctuations

Hydrodynamics translates initial geometry = final state

* Test hydro hypothesis by varying initial state geometry
via different species

IP-Glasma ™ MC-Glauber
8
8 6
.6 8 .4
8 4 5 2
. 2 4 0
4 0 2
2 0 2 y[fm)
0 > A 2 y(fm) " 2 4
x[fm) 4 6 x[fm] -4 6 6
6 g g 8

Phys.Rev.Lett. 108 (2012) 252301
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Reminder - Measuring Flow

Measure symmetry plane W, and correlate other
measured particles . .
Reaction plane is not

V, = <Cosn(¢ - Wy, )> precisely the event plane

Fluctuations are ill-defined for the event plane = Use
multi-particle correlations

d, = Non-flow

¢, {2} = <ei2(¢1—¢2)> — V; + 8, 4= Many tec.hniques for removal
(n-gap, higher order terms, ....)

Rosi Reed Quark Matter 2018 11




v, via Multiparticle Cumulants
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PH--ENIX

We see here

that the n gap

method allows

removal of

non-flow

Kurt Hill
T 15:40
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Reminder - Measuring Flow

The cumulant method can be extended to any number of particles

Influence of non-flow is small for >= 4 particles
* |nfluence of fluctuations is small

Assume that the non-flow 0 is negligible due to selection

C2{2} _ <ei2(¢1‘¢2)> _ V; + 62 ‘ c,{2} = <ei2(¢1—¢2)> _ V;

Look at 4 (or more) particles
c,{4)= < ei2(¢1+¢2—¢3—¢4)>_ 0 < i2(d—¢) > s {4}
If no 4-particle correlations exist, c,{4} =0
* As cumulant order increases = non-flow influence decreases
v2,{2}= <v,>? + 02, v2,{4} = <v,>? - 02,
Higher order cumulants allow us to access the fluctuations
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v, via Multiparticle Cumulants
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PH ~ENIX

V,{2} > v,{4} = v,{6} = v,{8}

Consistent with expectations

given Gaussian fluctuations and
small variance

What is the width of each
distribution for a given centrality
class?

Kurt Hill
T 15:40
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Event-by-Event Flow Fluctuations

——HEPLL 20131183 Flow fluctuates event-by-event
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v, Relative Fluctuations
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VEHI2)= <vp>7 + O PH: “ENIX

For small varlance.
v2,{4} = <v,>? - 02,
Compare with o./<g,> from Glauber

For central events, the higher terms
matter and should be included

g, fluctuations do not match v,
fluctuations in peripheral events due to

the nonlinearity of the hydro response
Kurt Hill

Non-linearity in hydro 4 Neronhetosterctal s T 15:40



vo{d}/ vp{2}

va{d} / v3{2}

Change Species — Keep VS
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T11:30
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Flow Fluctuations vs Species
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Flow Fluctuations Summary

For all energies, v {x} = v {x+2}

— LHC energies have a hint of difference

Precision flow fluctuation measurements allow us to constrain
the initial state

— Varying both energy and species

Non-linear hydrodynamics show that in more peripheral events
the relationship between € and v is not one-to-one

Higher order moments are more sensitive to fluctuations and
thus more sensitive to the differences in initial state
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T > T T 2T T LT L S

Flow Fluctuations = Fluctuations in
Conserved Quantities
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QCD Phase Diagram

The Phases of QCD [
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Net Baryon Fluctuations

* Thermodynamic susceptibilities

— Describe the response of a thermalized system to changes in external conditions
P = "(P/T*)
ta(ug /T

— Related to event-by-event fluctuations of the number of conserved charges

Calculated via Lattice QCD

* Baryon multiplicity distributions
AN, =N, - Ng Measured
<ANB>=VT3X13

Relation between experiment and theory
3 2
<(ANB —<ANB>)2> =VI'y) =0 (There are higher order terms )
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Search for the QCD critical point

* Local fluctuations of conserved numbers increase near a critical point

— Among the most promising signatures

— Characteristic feature of a CP is the divergence of the correlation length (&) &
magnitude of fluctuations

* Fluctuating system with finite size and lifetime complicate our ability to
measure g

* Non-Gaussian distributions, higher moments = increased sensitivity to §
— Kurtosis is proportional to the 7t power of €
- KkKx<(N-<N,>)">
— Higher order moments are also more prone to experimental measurement issues
such as efficiency or resolution
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Net Baryon Fluctuations

Skewness dN/dY What
and Kurtosis acceptance
SO = Xf/ Xf AY ok € /_) Aok WindOW iS
Ko” = x5/ x> - /A'T'/ RN Y. ST
e e just right:
AYtotal
No Signal Net-baryon Acceptance: No Signal
0%o 100%o
@
Poisson . . Zero fluctuations
fluctuations Maximum Slgnal (baryon # conservation)

25
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e oY — —— (Ng) = 400, (N5) = 100
i 20% acceptance 1 Z*200f
_ et | j - full ghase space
40 , ——| 150
Skewness - : j ;
and Kurtos _ i 100}
So=x21x% 20— # : ;
X3 XZ i : ! 4 50
2 _ . B 1 [ |
Ko™ =X,/ X y | [ A. Rustamov |
05 ¢ 0 7350 400 450 500
N, Ne
No Signal No Sign
0%o 100%%o
Poisson Zero fluctuations
fluctuations (baryon # conservation)
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A fluctuations

* A allows us to explore correlated fluctuations of baryon number
and strangeness

— Improve understanding of net-baryon fluctuations

— Different contributions from resonances, etc, than in net-proton
measurement

* Results from As can be combined with net-proton or net-kaon
results

— This brings us closer to net-baryon or net-strangeness fluctuations
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A Fluctuations

T — 50~ . . \
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with baryon number 0.95_ ::f;:ﬁmm Nud. Pys. A 960 (2;1;)'114 E
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strangeness well M 16:50
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Higher order net-proton fluctuations at LHC

~ 16—
o » ]
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Temperature consistent with thermal fits to particle yields Tso ~ 153 MeV
* No observation of non-thermal fluctuations at high energy in lower orders as expected = driven by
conservation laws = Consistent with Lattice QCD expectation (p=0)’ F. Bellini N. Behera
* Solid baseline for search for critical fluctuations at higher orders W 12,50 W 11:50

PAS
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Higher order net-proton fluctuations at RHIC

The Skellam expectations = system of
totally uncorrelated, statistically random

particle production

Skewness

p+p collisions is similar to peripheral Au+Au

collisions for Vs, =62.4 and 200 GeV
For Vs, below 39 GeV, differences are

AW

observed between the 0-5% and 70-80%

central Au+Au collisions

Kurtosis

* Deviations from Skellam expectations
most significant for 19.6 and 27 GeV

The results are closer to unity for Vs, =7.7

GeV

To understand NB number conservation
and acceptance UrQMD without a CP for

0-5% is plotted

Compared
to Skellam
expectation

Phys.Rev.Lett. 112 (2014) 032302
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Model Comparlsons RHIC Net Proton Data

~N lll I A
£ ) —O-STAR Data S +STAH vaa Above 11.5
»  F T -—-CGE ]
¥ gl B8 GCE | 4k G 1 GeV Canonical
: -®- CE-volF | - &-CE+VoIF ] Ensemble (CE)
A - 3r 7  suppression
i g y 3 1  for cumulants
| ; : e @ I 2r E accounts for
05 e - ) 1
| 0% i oo % . ] measured
. i B B I DR L. . deviations
ey i ok §§$ 3 fa from GCE
0 1 e - i SR ) .
| 10 10
10 10°
(o eV (o 521
* Impact of conservation laws and volume fluctuations on data have to be considered
* Qualitative differences emerge above 4th order cumulants! A. Rustamov
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Net-A cumulants at RHIC

Au + Au collizions
at STAR
net - A cumulants

Raaa L s S Al e s s L L L s
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results
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2"d Order Off-Diagonal Cumulants

Off-Diagonal cumulants = additional The correlation between net-protons and T. Nonaka

constraints on freeze out net-kaons changes sign with beam E I 12220 3%

WM& n_amgmanmgpgndgmg._(hﬂg
T T
11 {1 net-proton, net—kaon (p-k) 0.6 | net- -proton, net-kaon (p-k)
ot %kp Tk ~ 05 [ 04<pr<t. 6(GeVIc) — | Efficiency corrected °
- ~ [ - | STAR Preliminary
2 . 2 02 o
2 g o '
ory = {zy) = ()y)  § o%% § ' 3 i
3 = -0.2 T
1,1 — © A
. (0] qumugy x
C.,.=-"2¥ < 05| 1 [ 77GeV —8—  39GeV ——
x.y 2 fe) o) | 115 GoV —m— €2.4GoV ——
oy O | Efficiency corrected O 0.6 | 1450V —— 200Gev —~
STAR Prellmlnary L 57 Gev —— et
(1 ! L & - & | " & " | "
« A Majumder and B. Muller, Phy. Rev. C 74 (2006)
. A. Bazavov et al. Phys. Rev. D86 (2012) 034509 0 100 200 300 0 0.2 0.4
. etal. J. Phys. G: Nucl. Part. Phys.
43(2016) 125103 \
« Z Yang et al. Phys. Rev. C 95 014914 (2017) (Npalt) Inl <X
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Net-A cumulants

J. Noronha-Hostler, C. Ratti, P. Parotto,

R. Bellwied, arXiv:1805.00088 PY Stra nge hadrons
180l ] freeze-out earlier
| ' {  than light flavor
= "% ¢ \ ] hadrons?
s - o] - |
2. " 1 * Net-A cumulants
— |+ STAR thermal fits 7rp,K (1701.07065) - . .
. STAR thermal fits 7mp,K.A,ZQ,¢.K° (1701.07065) | might provide
1201 HRG fit to STAR net-K using PDG16+ ) additional constraints
§ HRG fitto STAR net-p,Q (1403.4903) -
: , , | on freeze-out
1000 50 100 150 200 250

conditions
Ug [MeV]
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A BESI Results = BESII

* Net-A cumulants up to 3rd-order
— Consistent with Poisson/NBD baselines

— The result of C,/C, is closer to those of HRG with kaon freeze-out
condition rather than light flavor hadrons.

 Second-order off-diagonal cumulants
— Q-k and Q-p correlations are in excess of the UrQMD results
e BESII will extend these measurements

— Au+Au Collision Energies
* /5w =7.7-200 GeV Collider mode
* sw =3.0-7.7 GeV Fixed Target mode

— Search for Critical Point = STAR+RHIC Upgrades
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BESII STAR Upgrades
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3 eTOF modules have been installed Full EPD has been installed =

One iTPC sector has been installed
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Conclusions

* Flow Fluctuation analyses put additional constraints on
initial state and hydrodynamic models

— Dial geometry in via species choice
— Change viscosity via collision energy
— We should try to measure the same quantities!!

* Fluctuations in conserved quantities
— Critical Point determination
— Connection with statistical models
— Lattice QCD €< —> Data connection
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Back-Up
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ﬁ‘ ¢ Higher-order fluctuation

4+ Moments and cumulants are mathematical measures of “shape” of a distribution
which probe the fluctuation of observables.

v" Moments: mean (M), standard deviation (o), skewness (S) and kurtosis (k).
v" S and k are non-gaussian fluctuations.

|skewness—>asymmetry K >0 kurt08|s—’sharpness |

E A

B |/ N 4 : - from wikipedia
Negative Skew Positive Skew oo e
v’ Cumulant = Moment v Cumulant : additivity
<dN>=N-<N> CUX +7) = C.(X) + C.Y)
Ol = ¥ ==p proportional to volume

Cy =0° =< (0N)* >
(; = S(T =< (-J\'):{ P
Cy = ko' =< (N)* > =3 < (6N)? >? Toshihiro Nonaka, QM2018, Venice, ltaly 4




Symmetric and Asymmetric Cumulants

Cumulants can be used to construct
higher order observables with different sc, {4} = <vivi> — <V2><V2 >
sensitivities to different processes
* Symmetric Cumulants prove
correlations between magnitudes of

harmonics of different order
(Phys.Rev.C.89, 064904)

. . . .. ,
Asymmetric Cgmulant is also sensm.ve ac,{3} = <v2 cosd(¢p, — @, )>
to the correlation between harmonics

(Phys.Rev.C.90, 024905)
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Symmetric Cumulants

10 x10°
R L A e m e (P L L R
Standard method is £ [ e Standard method Sy . e Standard method
. o [ ] -~ Two-subevent method o —&— Two-subevent method
d ominate d by non- ¢ [ PP -5 Three-subeventmethod | ¥ 1 -8~ Three-subevent method—

—4— Four-subevent method i pA —o— Four-subevent method

flow in pp =2 : . .
subevent method ol . ol

Anti-correlation

| o ATLAS Preliminary 1 '1__ ATLAS Preliminary |

between V2 and V3 5 0.3<p|T<3 GeV pp1f3TeV, 0.9 pb“I i % 0.3<IpT<3 GeV ?+Pb 5.02 TelV, 28 nb™
. 0 50 100 150 0 100 200 300

Correlation pattern N, N

is the same for
0.5<p;<5GeV

Above <N > = 140 all methods give consistent
results = Long Range Correlations
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Asymmetric Cumulants

X‘O P+Pb 0.3x10°, I,’b+rl,b

— 0.3 . o 0,2 — _ — —r—r— r—
& T T ™ & T ]l & T T
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@ i —&- Two-subevent methed ] mO 15'_ S~ Two-subevent methed | ® F —5— Two-subevent method
0‘2_¢ L -5~ Three-subevent method [ . -8~ Three-subevent method | 0'2-_ -5~ Three-subevent meihod-d
- ] r ] i L
L ., { °r ‘e B * ..0;;358 ]
L . 4 L O e ® S ee e, - ....Bag 1
0.+ © ° = - ® e 0.+ = o* _go° .
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0: ee B8 888 g o ; - gge" ]
ATLAS Preliminary o " ATLAS Préiiminary L ATLAS Prsiliinary
0. 3<p <3 Gev pp 13 Tev 0.9pb’ [ 0.3<p <3 GeV p+Pb 5,02 TeV, 28 nb’ ) L 0.3<p,<3 GeV Pb+Pb2.76 TeV, 7ub’ -
PR Y PR P Al 1 IS aaauad e g o ol i o Jdauu . T P R Y y 4 s 1
0 “56 00 "m0 0% 100 200 300 0 00200 300 400
(Nc,‘) (NC,,) (N,
Asymmetric cumulants measure the positive correlation between
v, and v,

Do all methods converge at high <N >?
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Testing Hydrodynamics via System Geometry
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initial geometry into final
state

Test hydro hypothesis by
varying initial state
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