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Strong interactions program at NA61/SHINE
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Strong interactions program at NA61/SHINE

e study the properties of the onset of deconfinement
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Critical behavior: back to school

Common knowledge: critical opalescence

S CRUGEVE

[T. Csorgo PoS HIGH-pTLHC08:027, 2008]
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Critical behavior: back to school

Common knowledge: critical opalescence

S CRUGEVE

[T. Csorgo PoS HIGH-pTLHC08:027, 2008]
* Shine light on the liquid with wave-length being comparable to correlation length

* Change the Temperature
* Correlation length diverges as approaching critical point - light beam becomes more and more scattered on the
significant density fluctuations — fluid turns to be more and more opaque

Finally, we see a signature of a second order phase transitions and the critical pointis reached 4/15
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Critical behavior: back to school

Common knowledge: critical opalescence
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Critical point and Intermittency

Experimental observation by fluctuations with a power law dependence on the phase space resolution
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Critical point and Intermittency

Experimental observation by fluctuations with a power law dependence on the phase space resolution

J. Wosiek, Acta Phys. Polon. B 19 (1988) 863-869
A. Bialas and R. Hwa, Phys. Lett. B 253 (1991) 436-438

The order parameters of QCD are the chiral condensate and the net-baryon density. Critical fluctuations show up in
fluctuations of the net-baryon density and can be observed by intermittent behavior of the net-proton or proton density

[Y. Hattaand M. A. Stephanov, PRL91, 102003 (2003)]
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Critical point and Intermittency

Experimental observation by fluctuations with a power law dependence on the phase space resolution

J. Wosiek, Acta Phys. Polon. B 19 (1988) 863-869
A. Bialas and R. Hwa, Phys. Lett. B 253 (1991) 436-438

The order parameters of QCD are the chiral condensate and the net-baryon density. Critical fluctuations show up in
fluctuations of the net-baryon density and can be observed by intermittent behavior of the net-proton or proton density

[Y. Hatta and M. A. Stephanov, PRL91, 102003 (2003)]
In this talk | will present:

* theoretical aspects formulated by Fotios Diakonos at NA61/SHINE theory virtual meetings, can be found also at
https://indico.cern.ch/event/760216/contributions/3154442/attachments/1722303/2781998/Diakonos cpod2018v2.pdf

* experimental approach and results by Nikolaos Davis in collaboration with Nikolaos Antoniou & Fotios Diakonos for the
NA61/SHINE collaboration based on NA61/SHINE and NA49 data with full information being available at:
https://indico.cern.ch/event/760216/contributions/3153684/attachments/1721653/2779754/Davis CPOD2018.pdf
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Critical behavior: QCD vacuum

> Momentum of produced particles is our tool instead of

QCD vacuum is chemically and thermally excited

scattered photons momentum in ordinary QED matter.
We can look at produced protons and pions
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This introduces an additional length scale L, with exponent p describing the

Our system has a finite size L | ] . o -
scaling of thermodynamic quantities for finite systems:

Q — any thermodynamic quantity T_T
f — scaling function Qu(ty) = LPfL(L/Coo(ty)) : t = +——= reduced temperature
Ce -correlation length T
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Ce - correlation length

Hence, power-law (ng(r1)ng(r2)) ~ |r1 — ra|~(4=9) -behavior in configuration space near the Critical Point could be observed
for distances of the order of the correlation length, and therefore larger

than system sizeL: |[r1 — r2| = o 2 L - Finite Size Scaling (FSS) regime
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> Momentum of produced particles is our tool instead of

QCD vacuum is chemically and thermally excited

scattered photons momentum in ordinary QED matter.
We can look at produced protons and pions

This introduces an additional length scale L, with exponent p describing the

Our system has a finite size L | ] . o -
scaling of thermodynamic quantities for finite systems:

Q — any thermodynamic quantity T_T
f — scaling function Qu(ty) = LPfL(L/Coo(ty)) : t = +——= reduced temperature
Ce -correlation length T

Hence, power-law (ng(r1)ng(r2)) ~ |r1 — ra|~(4=9) -behavior in configuration space near the Critical Point could be observed
for distances of the order of the correlation length, and therefore larger
than system sizeL: |[r1 — r2| = o 2 L - Finite Size Scaling (FSS) regime

Y

Of course, we have a cutoff on L in the real system and after performing Fourier transform:

lim (ng(k1)ng(ka)) ~ |ky — ka| 9

k1—)k2
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Critical behavior: QCD vacuum

> Momentum of produced particles is our tool instead of

QCD vacuum is chemically and thermally excited

scattered photons momentum in ordinary QED matter.
We can look at produced protons and pions

This introduces an additional length scale L, with exponent p describing the

Our system has a finite size L | ] . o -
scaling of thermodynamic quantities for finite systems:

Q — any thermodynamic quantity T_T
f — scaling function Qu(ty) = LPfL(L/Coo(ty)) : t = +——= reduced temperature
Ce -correlation length T

Hence, power-law (ng(r1)ng(r2)) ~ |r1 — ra|~(4=9) -behavior in configuration space near the Critical Point could be observed

long-range correlationsin r-space for distances of the order of the correlation length, and therefore larger
than system sizeL: |[r1 — r2| = o 2 L - Finite Size Scaling (FSS) regime

Y

Of course, we have a cutoff on L in the real system and after performing Fourier transform:
: —d
kl'[)n'(z(”B(kl)”B(kZ» ~ k1 — ka| singularity in momentum space

The power-law decay in r-space leads to power-law singularity of the density-density correlation functionin p-space
6/15
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* [F.K. Diakonos, N.G. Antoniou and G. Mavromanolakis, PoS (CPOD2006) 010, Florence]

Critical behavior: QCD vacuum

, . _ Momentum of produced particles is our to- *
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Critical behavior: QCD vacuum

FSS: ng ~ L™P/V = dp = d — {% Universality class: 3d-Ising, then critical exponents f ~

W=
<
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WIN
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Critical behavior: QCD vacuum

FSS: ng ~ L™P/V = dp = d — {% Universality class: 3d-Ising, then critical exponents f ~
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Fractal dimension: |drF ~
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Critical behavior: QCD vacuum

- _ g . : _ : L ol .02
FSS: ng ~ L™P/V = dr = d 5 Universality class: 3d-Ising, then critical exponents p ~ 3, v ~ 3.

° . ~ 5
Fractal dimension: |dr = 3

Possible representation of a phase-space: transverse - longitudinal = py - rapidity
It is desirable to work at one time (thermal equilibrium demand), however, rapidity mixes time and space
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[N.G. Antoniou, N.Davis and F.K. Diakonos PRC 93, 014908 (2016)] @
[E. A. De Wolf, I. M. Dremin, and W. Kittel, Phys. Rep. 270, 1 (1996)]

will perform analysis in transverse momentum space
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Fractal dimension in transverse plane: |dr | = %dF ~ > | And after Fourier: |dr | =2 —dF | = %
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What is our order parameter? (density fluctuations in case of critical opalescence)
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will perform analysis in transverse momentum space

w1

Fractal dimension in transverse plane: |dr | = %dF ~ > | And after Fourier: |dr | =2 —dF | = %

What is our order parameter? (density fluctuations in case of critical opalescence)

critical pions  {zm=) [ Sigma-field ] or [ Net-baryon density ]

Pro: large statistics
Contra: large combinatorial background of non-critical pions; fluctuations
might wash-out quickly due to pions being a “fast component” 7/15
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FSS: ng ~ L™P/V = dr = d 5 Universality class: 3d-Ising, then critical exponents p ~ 3, v ~ 3.

° . ~ 5
Fractal dimension: |dr = 3

Possible representation of a phase-space: transverse - longitudinal = py - rapidity
It is desirable to work at one time (thermal equilibrium demand), however, rapidity mixes time and space

[N.G. Antoniou, N.Davis and F.K. Diakonos PRC 93, 014908 (2016)] @
[E. A. De Wolf, I. M. Dremin, and W. Kittel, Phys. Rep. 270, 1 (1996)]

will perform analysis in transverse momentum space

w1

Fractal dimension in transverse plane: |dr | = %dF ~ > | And after Fourier: |dr | =2 —dF | = %

What is our order parameter? (density fluctuations in case of critical opalescence)

critical pions  {zmmm) [ Sigma-field ] or only protons also carry all information about criticality
[Y. Hatta and M. A. Stephanov, PRL91, 102003 (2003)]

Pro: large statistics
Contra: large combinatorial background of non-critical pions; fluctuations
might wash-out quickly due to pions being a “fast component” 7/15
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It is desirable to work at one time (thermal equilibrium demand), however, rapidity mixes time and space
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Fractal dimension in transverse plane: |dr | = %dF ~ > | And after Fourier: |dr | =2 —dF | = %

What is our order parameter? (density fluctuations in case of critical opalescence)

critical pions  {zm=) [ Sigma-field ] or [ proton density ]
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Contra: large combinatorial background of non-critical pions; fluctuations
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° . ~ 5
Fractal dimension: |dr = 3

Possible representation of a phase-space: transverse - longitudinal = py - rapidity
It is desirable to work at one time (thermal equilibrium demand), however, rapidity mixes time and space

[N.G. Antoniou, N. Davis and F.K. Diakonos PRC 93, 014908 (2016)] @
[E. A. De Wolf, I. M. Dremin, and W. Kittel, Phys. Rep. 270, 1 (1996)]

will perform analysis in transverse momentum space

w1

Fractal dimension in transverse plane: |dr | = %d;: ~ > | And after Fourier: |dr | =2 —dF | = %

What is our order parameter? (density fluctuations in case of critical opalescence)

critical pions  {zm=) [ Sigma-field ] or [ proton density ]

Pro: large statistics Pro: measurable and critical fluctuations might be observed
Contra: large combinatorial background of non-critical pions; fluctuations due to protons being a “slow component”
might wash-out quickly due to pions being a “fast component” Contra: small statistics 7/15
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Intermittency analysis: factorial moments

Bl . . ° . Experimental observation of local, power-law distributed fluctuations

VAR

Ny: Number of
particles in my, bin

[N. Davis, CPOD 2018 talk] 8/15
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Intermittency analysis: factorial moments

Rl . . . Experimental observation of local, power-law distributed fluctuations
° . : ) o J. Wosiek, Acta Phys. Polon. B 19 (1988) 863-869
* Joo o _ @ A. Bialas and R. Hwa, Phys. Lett. B 253 (1991) 436-438
R T A \\ . * | Intermittency in transverse momentum space (can choose protons)
. ° 4 \ [Y. Hatta and M. A. Stephanov, PRL91, 102003 (2003)]

// \ )
My bin | | Mm: number of X
L particles in my, bin

[N. Davis, CPOD 2018 talk] 8/15
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Intermittency analysis: factorial moments

Bl . . ° . Experimental observation of local, power-law distributed fluctuations
° . : ) o J. Wosiek, Acta Phys. Polon. B 19 (1988) 863-869
Y R U _ @ A. Bialas and R. Hwa, Phys. Lett. B 253 (1991) 436-438
A \\ . * | Intermittency in transverse momentum space (can choose protons)
. ° 4 \ [Y. Hatta and M. A. Stephanov, PRL91, 102003 (2003)]
. / ° " - ) Theoretical predictions in slide 7 apply to the mid-rapidity region
/ \
N Nn,: humber of P
My, bin m- © : _
particles in my, bin
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N n.,: number of P
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Intermittency analysis: factorial moments

/ \

Ny: Number of

particles in my, bin

Px

Experimental observation of local, power-law distributed fluctuations

J. Wosiek, Acta Phys. Polon. B 19 (1988) 863-869
@ A. Bialas and R. Hwa, Phys. Lett. B 253 (1991) 436-438

Intermittency in transverse momentum space (can choose protons)

[Y. Hattaand M. A. Stephanov, PRL91, 102003 (2003)]

Theoretical predictions in slide 7 apply to the mid-rapidity region
Approach:

* Transverse momentum space is partitioned into M2 cells
* Calculate second factorial moments F,(M) as a function of cell size & number of cells M

M2
# Z ni(nj —1)
_ i=1
w2
i=1

[N. Davis, CPOD 2018 talk] 8/15
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Intermittency analysis: factorial moments

p[. . Background of non-critical proton pairs must be subtracted at the level of factorial moments
.. .« . in order to eliminate trivial (baseline) and non-critical correlations (with a characteristic
. ,\\ .« * i length scale, that do not scale with bin size)

AR A (n(n—1)) = {nc(ne — 1)) + (mp(np — 1)) + 2mpnc)
: A N critical back;:ound cross term
| / i o AR(M) = F” (M) =A(M)* - F" (M) —2 - A(M) (1= A(M)) foc
0 \\ ~ 7 - —~ -4
/ * \ correlator data background e
. ¢ . <n>g4
// : A p
My bin | | Mm: pumlger of | X
particles in my, bin
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Intermittency analysis: factorial moments

\

Ny: Number of
particles in my, bin

Background of non-critical proton pairs must be subtracted at the level of factorial moments
in order to eliminate trivial (baseline) and non-critical correlations (with a characteristic
length scale, that do not scale with bin size)

(n(n—1)) = \(nc(nc — 1)Z+S”b(”b — 1)>,+ g(nincz

NV TV

critical background cross term
d b
AR (M) = F” (M) —A(M)? - By (M) =2 - A(M) - (1= A(M)) fuc
— S~ N—— N~
correlator data background ratio i:idb

For A(M) < 1 two approximations can be applied:

Py, 1. Crossterm can be neglected [Antoniou, Diakonos, Kapoyannis and Kousouris, PRL. 97, 032002 (2006).]
2. Non-critical background moments can be approximated by (uncorrelated) mixed

event moments:
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I . ) d b
. / > - AR(M) = 7 (M) ~AM)? - B (M) =2 - A(M) (1= A(M)) fuc
A ~~ 7 N ~~ _J/
/ * \ correlator data background e
. ¢ . <n>g4
7 - N For A(M) < 1 two approximations can be applied:
A n_: number of Py 1. Crossterm can be neglected [Antoniou, Diakonos, Kapoyannis and Kousouris, PRL. 97, 032002 (2006).]
My DIN prgrtides in my;, bin 2. Non-critical background moments can be approximated by (uncorrelated) mixed

event moments: (o) dat _
ARy (M) = ARy (M) = F3°% (M) — F"™(M)
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My DIN prgrtides in my;, bin 2. Non-critical background moments can be approximated by (uncorrelated) mixed
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2
And for a critical system AF,(M) scales with cell size (number of cells, M) as: | AF2(M) ~ (Mz)
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My DIN prgrtides in my;, bin 2. Non-critical background moments can be approximated by (uncorrelated) mixed

event moments: (o) dat _
ARy (M) = ARy (M) = F3°% (M) — F"™(M)

2
And for a critical system AF,(M) scales with cell size (number of cells, M) as: | AF2(M) ~ (Mz)

- . e 1 : . d . . .
one can obtain intermittency critical index in the model independent way: |¢> =1 — % ~ % ¢== 3d-Ising effective as(a:/ticsm
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Intermittency analysis results: Ar+Sc at 150A GeV/c

NAG61/SHINE preliminary results Centrality 10-15%

Centrality 5-10%

4 - Ar+Sc NA61,

3.5 -

F,(M)
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I.l! il II
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NAG61/SHINE preliminary results Centrality 10-15%
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[N. Davis, CPOD 2018 talk]
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Intermittency analysis results: Ar+Sc at 150A GeV/c

Centrality 5-10%

NAG61/SHINE preliminary results

Centrality 10-15%
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Intermittency analysis results: Ar+Sc at 150A GeV/c
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Intermittency analysis results: Ar+Sc at 150A GeV/c

@trality 5-@ NAG61/SHINE preliminary results @rality 10@ Result dependson the centrality of the collision, which
Ar+Se NAS] ArSe NAG] is likely due to the change of baryo-chemical potential
] r+Sc , ] r+Sc , . e .
4 cent.5-10%, pur > 90% 4 cent.10-15%, pur > 90% and the smgll region Qf criticality in th.e phase diagram
| [N. G. Antoniou, F. K. Diakonos, X. N. Maintas and C. E.
S 3.5 1 N 35 1 Tsagkarakis, Phys. Rev. D 97, 034015 (2018)]
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Intermittency analysis results: Ar+Sc at 150A GeV/c

NAG61/SHINE preliminary results @rality 10@

4 Ar+Sc NA61, 4
cent.5-10%. pur > 90%

@trality 5-@

Ar+Sc NA6T,
cent.10-15%, pur > 90%

—_ 3.5 - —_ 3.5 1
S Aiplo ||I el S ‘
AN ] il ) l ” (QV] ]
H 3 .:::::;I:Illl I"“I ll ||||lI"'I"l!""Iln“l“l . 3
2.5 i ' 2.5
2 T T T T T 2 T T T T T L T T T 1 5.6 CenT.lgﬁggoFSS'S; 90%
0O 5000 10000 15000 20000 0O 5000 10000 15000 20000 A '
M2 M2 =)
1 Ar+Sc NAGT, 1 Ar+Sc NA61,
cent.5-10%, pur > 90% cent. 10-15%, pur > 90%__ St mixed .
0.75 datg e 0.75 datg e 0 5000 10000 15000 20000
S 05 | Power law fit s 05 | Power law fit ——— G
X . . +40.07 - X . . +0.05 17 ArtSc EPOS,
L 0.05 | 2B =0.36_ 503 it L 0.25 | ¢ g =050 _5 05 ; 05 cenT.5;JCC]JT/;, ;'3_ur._|>90/o
' v R R :Ej 05 | Power law fit ———
0+ R e 5
-0.25 e ‘ e -0.25 e ' ' ) , , :
10 100 1000 10000 10 100 1000 10000 0 100 1000 10000
2
M2 [N. Davis, CPOD 2018 talk] M? M

Bootstrap calculation of ¢, confidence intervals Centrality 5-10%

Fo(M)

AF (M)

-0.25

Result depends on the centrality of the collision, which
is likely due to the change of baryo-chemical potential
and the small region of criticality in the phase diagram
[N. G. Antoniou, F. K. Diakonos, X. N. Maintas and C. E.
Tsagkarakis, Phys. Rev. D 97, 034015 (2018)]

EPOS simulations
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Intermittency analysis results: Ar+Sc at 150A GeV/c

NAG61/SHINE preliminary results @rality 10@
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Result depends on the centrality of the collision, which
is likely due to the change of baryo-chemical potential
and the small region of criticality in the phase diagram
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EPOS simulations
EPOS does not reproduce observed effect
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Intermittency analysis: summary NA49 and NA61/SHINE
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Intermittency analysis: summary NA49 and NA61/SHINE
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Intermittency analysis: summary NA49 and NA61/SHINE

NA61/SHINE

[Preliminary]

NA49

[T. Anticic et al., Eur. Phys. J. C 75:587 (2015),
arXiv:1208.5292v5]
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Intermittency index: NA61/SHINE

Intermittency index ¢, for Ar+Sc at 150A GeV/c (80, 85 and 90% purity selection for protons)
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Intermittency index: NA49 and NA61/SHINE

Intermittency index ¢, for A+A at 150/158A GeV/c
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[M. Gazdzicki, indico.cern.ch]
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Summary and outlook

* Indication of intermittency effect in middle-central NA61/SHINE Ar+Sc collisions at 150A GeV/c,
which is also seen in “Si”+Si collisions (NA49) at 158A GeV/c
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Expanding the analysis to other NA61/SHINE systems (Xe+La, Pb+Pb) geﬂa
and SPS energies (Ar+Sc) in order to obtain reliable interpretation of Ar+Sc
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the observed intermittency signal in terms of the critical point b
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