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Motivation

«  Cross-over at low g and
1st-order phase transition at high pg

—> Critical point

« Event-by-event fluctuations of conserved quantities
are expected to be a signature of discontinuity in
the QCD phase diagram
— Charge Q/ baryon number B / strangeness S

»  Experimental observable:
— Cumulants of event-by-event net-particle
multiplicity distributions
— (Net-)proton (proxy for net-baryon)
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Experimental Observables

Cumulants of event-by-event net-particle multiplicity distributions
— (Net-)proton (proxy for net-baryon)

2000%10° Y
mean = 3.5 y=y, +0.
1500; mean = 4.5 Mean M = Kl
e Variance g2 = K,
1000 mean = 8.5 Skewness § = Kg/o?
i Kuosis k& = Ki/o*
500
0— L [ L = —
0 5 10 15 20 25
Nprotons/e\It' 7 Negative Skew Positive Skew and negativ
(large tail to the left) (large tail to the right) kurtosis
0-10%, , 20-30%, 30-40%
i - K K
Cumulant ratios to cancel volume effects: S og=3 g.gt=la
-> Cumulant rations cancel only mean volume effects! K ) K )
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HADES Spectrometer

High Acceptance DiElectron Spectrometer

Located at SIS18, GSI
Large acceptance
* Full azimuthal and polar angle
coverage of ©@ = 18 — 85°
Fast detector
« Trigger rate up to 8kHz
(large statistics)

Au +Au @1.23 AGeV, \sy\=2.41 GeV

. 15 fold segmented Au target

. 7.4 x 10° events recorded

. Trigger on 47% most central collisions
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Proton Analysis
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Event selection

e 0-10%, . 20-30%, 30-40% central events mean = 3.5
selected with the Forward Wall 15001 mean = 4.5

Track selection 1000
* Y=Y X 0.2 |
* p,=400-1600 MeV/c

mean = 8.5

500

If Ng= 0 > Poisson distribution: S-o=k-0" =1 o
0 5 10 15 20 25
Nprotons/ew'
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Efficiency correction

Efficiency = acc x det. eff x rec. eff

Investigations of efficiency correction in UrQMD simulations:

- Correct the moments
Bzdak & Koch, PRC 86 (2012);
Xiaofeng Luo, arXiv:1410.3914 (2014)

—> Unfolding
G. D*Agostino, Nucl. Instr. Meth. A 362 (1995) 487.
J. Albert et al. (MAGIC), Nucl. Instr. Meth. A 583 (2007) 494.
S. Schmitt, J. Instr. 7 (2012) T10003.
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Correct the moments

net proton number

x10°
1600 Mean,casureq Mean,,,
C / \ . .
:Zooz /| Reconstructed proton Calculate Variance oasred Correct Variance,,,
o I distributi moments moments
1000E- /  Cieidtion Skewness Skewness
s0oE- / \ measured true
r / \ . .
w0 \ — Kurtosis . casured — Kurtosis, .
400/ / \ .
oot/ efficiency
b N o correction .
0 10 20 % 40 Npr,ff,), per evenb;0 SkeW Slgmeasured SkeW Slgtrue
*Qin2 *Qin?2
KUI’t Slg measured Kurt Slg true

Self-consistency check

« UrQMD protons - reference
« UrQMD + Geant reconstructed protons > efficiency correction

Bzdak & Koch, PRC 86 (2012);
Xiaofeng Luo, arXiv:1410.3914 (2014)
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UrQMD
Correct the moments

mean sigma
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Efficiency correction
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Efficiency correction

Efficiency: strong effect on
centrality

Efficiency depends on number of
tracks per event

Detector divided into 6 sectors
- Efficiency is sector dependent

>
o
D
S
—> Efficiency correction % 06
» Event-by-event
 Particle number in sector
* yand p,dependent
0,5
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UrQMD

Correct moments — event-by-event -

mean b
= 30 + UrQMD 6_—
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UrQMD

Correct moments — event-by-event -

mean b
= 30 + UrQMD 61—
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Unfolding

measured distribution true distribution

net proton number

iy
o
w

X o net proton number
F . H x10
1600 7\ UnfOIdlng -
B /A 1000 —
1400 [ - VAR
| A / A
1200 / \\ 800 / \
C / A\
1000 \ . . - /
- / \ 600 — /
S Matrix inversion |
800 ] \ B /
600— / \\\ 400— /
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UrQMD + GEANT UrQMD protons
(recon. protons)
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Unfolding procedure

Unfolding via matrix inversion

— y: measured histogram X
y - A ® X X: true histogram
A response matrix ||
—> finding x ! b ~
1§ | EEEN | y
: "§ * statistical fluctuations
' T | y

Unfortunately, A is often quasi-singular and can not be inverted (ill-conditioned problem!)
ROOT package by S. Schmitt - TUnfold, TUnfoldSys, TUnfoldDensity

Minimize in a least-squares procedure the ,Lagrangian®:

L,: least square minimization

L(x,\) =L+ Lo+ L3

L1 =(y —Az)'Vy, "' (y — Az),

Lo =7%(x — frzo) (L'L)(z — frzo), L,: describes regularisation
T

L3 =AY —e x) L,: area constraint

Melanie Szala
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Response function

Melanie Szala
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Regularization

Tis a free parameter controlling the strength of regularization

parameter is typically difficult to choose using only a priori information
« But its value usually has a major impact on the unfolded spectrum

several methods to find 1

in TUnfold implemented methods
* L-curve scan
* Minimising global correlation coefficients

. x10° . X0
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B C - 7 -
-200 — 20— 5t / e
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Methods to find best regularization

Minimising global

L-curve Scan
correlation coefficients
L-curve scan Minimization of global correlations
Enss o 1 z—
g E kink = optimum =
10 E— 0.985 i—\
9.5 ;— 0.98 i— .
°E 0975 optimum
8SE- 0.97 \
81— 0.965 i— ~
7.5 ;— 0.96 i— \
7;_ | | | | | 0'9552_ | | | I BRI |
1 2 3 4 5 lng(L‘) -7 -6 -5 —4 -3 -2 Iog10(151
> 1=104-10%
Melanie Szala
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Unfolded distributions

unfolded distribution . ] . . unfolded distribution
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Comparing methods UrQMD
— Correct moments vs. Unfolding -
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RealData
Results (eff. Corr.)
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PO|SSO n izer Aytotal > AYaccept»Aycorr

S.-o K - 02

3 B 21 C Au+Au collisions at s, =Y2.41GeV
- 19"_ 400 < p_ < 1600 MeV
2 __ 1 7 :_ ©  0-10 % central collisions
L B a7 30-40 % central collisions
I 15[
1 i
- 13-
- N :
© 0 : bl
2 ¥ 9
1 — s
B Au+Au collisions at s, =Y2.41GeV B
= 400 < P, < 1600 MeV 5 :_
o 3
L 4 ©  0-10 % central collisions B
- w7 30-40 % central collisions 1 C
_al | | | _qt | | |
y+04 y+03 y+t02 y=+0.1 y+04 y+03 y+t02 y=+0.1
0 0 0 0 0 0 0 0
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Experimental Observables

Cumulants of event-by-event net-particle multiplicity distributions
— (Net-)proton (proxy for net-baryon)

LAY

Negative Skew Positive Skew positive and negative
K4/0 (large tail to the left) (large tail to the right) kurtosis

Mean M
Variance ol

Skewness  §

Kurtosis K

Cumulant ratios to cancel volume effects

oK oK
K

—> Cumulant ratios cancel only mean volume effects!
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Volume Fluctuations

—> The effect of volume fluctuations on cumulants of the net baryon number

€1 =k, k, baryon number cumulants
C) =Ky + x,zvz, ¢, volume affected cumulants
3 = k3 + 3Kk v + K|3v3’ v, volume fluctuations cumulants

Cy = Kq + (41(31(1 + 3K22)v2 +4 6I(2K;2v3 + K]‘v4,

OAAAJ

10000:— '.\
- Npart ~ volume “r
— Modeled (Glauber and iQMD) N, distribution to sooof-
calculate the volume fluctuation cumulants
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Npart from 1QMD
Tracks in MDC Forward Wall
=0 IQMD (selected tracks mult 2S00F
: (selected tracks mult) - IQMD (10000 - FW Z,¢)
2000:— LVL1 20001—
1500— 1500:—
1000— 1000—
- & -
S00— ‘ . soo:—
O—I J (| 11 | L1 ‘_.:-Al—._ rant :I J L]
0 50 100 150 200 250 300 350 N 400 00 50 100 150 500 250 300 350 400
part Npart

* Foreach IQMD event b is translated into N, using Gosset et al. PRC 16
« FW sum of charge has worse resolution
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—e— E-by-e eff. corr.

- Unfolding
—e— E-by-e + Volume corr.
—4+— Unfolding + Volume corr.

Au+Au data

Yo+ 0.2
p,=400- 1600 MeV/c

50

100 150 200 250

N 300

par ’[>
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Results with volume corrections (IQMD FW)

—o— E-by-e eff. corr.
Unfolding

11 1 | | 111 1 | |1 1 | I 11 1 1 | 11 1 1 | |

—e— E-by-e + Volume corr.
—+— Unfolding + Volume corr.

Au+Au data

0

100 150 200 250

N 300

part>
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Poisson limit

Poisson limit: S-o—1 and k-0°—1 for Ay —=0

Efficiency corrected protons with volume corrections:

Sk -o K - 0°
100
2‘_ : 400 < p, < 1600 MeV
S — i - < — - O 0-10 % central
L 80_
oL - o7 30-40 % central
L 60_
o~2 b [
Xx [ oL
U)_4_ ~40+
—6_— 400<pT< 1600 MeV 20-_
i O 0-10 % central -
—8_— 7 30-40 % central - - -
[ | | | | o i i i #
Y, * 0.5 Y, * 0.4 Y, * 0.3 Y, * 0.2 Y, * 0.1 Y, * 0.5 Y, * 0.4 Y, * 0.3 Y, * 0.2 Y, * 0.1
| Strong dependence on Ay for most central collisions! \
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p, and y dependance of ka2 =K,/K,

Jsw = 1.7 GeV, 0-5 % central JSw =241 GeV, 0-10 % central
5 LI LN B LN B LEN B T T 100
| pr < 2and |y|<05and ] B pT:400_ 1600 MeV Y, +002
4l ® lyf <0.1 4 p;<0.8 e Yy 0.1 o p.<800
| * <02 Rl ) sor- * Y0104 A p <1000
M SIS C v P04 s pi<1200
= . ' 4 - * + 0.
" |yl <0.4 t +05 % p <1400
~ 3 * |y <0.5 60— Yo t
E I %N B v
< _ x"’ |
S 40—
_ 201 A
Or —cn(yl,...,ptn)—const il 0: o oam |
. t o I | t }
0 5 10 15 20 25 30 35 40 45 0 5 1|\(|) 15
<N>

(N)
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Cumulants & multi-particle correlators

Melanie Szala

Cumulants mix correlations of different order,e.g. K, contains of two-, three- and four-
particle correlations

Measuring couplings of the multi-particle correlation functions could provide cleaner
information on possible non-trivial dynamics in heavy-ion collisions

—> extract true correlation functions from the measured cumulants

KQ — <N> + CQ, CQ
K3 = (N) +3C; + Cs, C3
Ky= (N)+7C, +6Cs +C,, @4 ¢,

— <N> -+ KQ,
2 <N> — 3KQ -+ Kg,
_6(N) + 11Ky — 6K + K.

Reduced correlation functions

Cr = (N)* ¢,

29



N.... dependance of proton correlations

part

* Cyvs. N, as a better approach to isolate critical fluctuations:

e Factors to reflect their relative contribution to the fourth order cumulant
K, =(N)+7C,+6C,+C,

x T T

0500‘_ aro |l AutAu 2.4 Ge 200f &= 7C,  AutAu, 7.7 GeV 1 +— 7C, AutAu, 11.5 GeV
| |esc, =—-a 6C; 60 6C, |
L +C43 150F o—-—e 04 /,/' 7 —-—e C4 ;
i . 400 i
I 100k } _ ;
)= = Vs S 20+ i
I © sl e IS g ,}/
0 _’_,{’ | 0 — —_ i
Y202 “_.—.—qﬁ.iv\—;:&“
500 ol |
| p=400- 1600 MeV/c . _znbk N 20
> It T P I T.Y 50 (a)l 1 | 1 I | ? (b)l 1 1 1 1 1
100 150 200 250 300 50 100 150 200 250 300 350 50 100 150 200 250 300 350
<Npart> N N

part part

K,  cumulants
C.:  multi-particle correlators
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Proton correlations C, /N, vs. Beam Energy

| ) t P Lo/
HADES: /s = 2.4 GeV i 86C,/(N)
¢\ /N ~ 36 Al ¢ ¢ /W)
B }

7C/N~6 S R A R

6 Cs/N ~ —35 v
1 % Au+Au, 0—5% |

T e
Vs [ GeV]

» Atenergies larger that 19.6 GeV anti-protons become non-negligible, and thus the
physical interpretation is less clear.
» K4/K2 is dominated by C, at low energies and by C, at 19.6 GeV .

—> should not forget that there are sources of correlations other that critical dynamics. need
to be removed and understood
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What we did...

1) Systematic checks in simulations (UrQMD + Geant)
« Centrality selection
« Efficiency correction
— (Pt-y dependend eff correction)

— Pt-y and track multiplicity dependend eff correction
— Unfolding

2) Au+Au data
« Centrality with EvtCharaClass: FWSumCharge
* Two different eff correction methods
—> Higher order moments of proton distribution
=> Higher order moments of proton and deuteron distributions

3) Volume fluctuations

e Glauber model
* |QMD

Melanie Szala
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What to do...

1) Systematic checks in simulations (IQMD + Geant)

« Centrality selection
- FW

— Resolution vs autocorrelation (Hits/Tracks/FW),

* Include fragments (efficiency, ...)

2) Possible contamination of moments
* Resolution centrality estimation
* Au+C reactions
* Pile up effects

Melanie Szala

X
m
2

sum charge vs. mult TOF + RPC
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Conclusions

Study of centrality selection and efficiency correction in simulation

Introduction of two different eff. correction methods
* Within error bars, both methods deliver compatible results

First look to volume fluctuation correction
 Volume correction influences higher order moments

Choice of phase-space bin ? (p,, Y)

Fluctuations on baryon number
» Bound protons?!

Possible contamination of moments

Melanie Szala

ol b b
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Comparison with STAR - (Net-) Proton

Sk

1

(Net-)protons

" HADES
I preliminary ® HADES 0-10 %
- m HADES 30-40 %
i e STARO0-5%
i + STAR 30-40 %
+
L L ]
®
L ¢ 1 .
L ®
i 8
®
| I | | I | | | | | | | |
2 3456 10 20 30 100 _200
V'S

HADES:

p,=400 - 1600 MeV/c
y=Y,+-02

Forward Wall

Volume Corrected

I\III\I[IlIIII‘I[II

II1I|I]II

(Net-)protons
m HADES 0-10 %
m HADES 30-40 %

HADES
preliminary

® STARO0-5%
+ STAR 30-40 %

—
@
-

—@—

—@—

| IIIIIII‘ | I]I]III‘

2 3456 10 2030

100__200
\/si

NN

0 red/black = unfolding (preferred method) + vol. flucs. corr.

B green = evt-by-evt eff correction of factorial moments + vol. flucs. corr.
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Theoretical Expectation

Misha Stephanov, CPOD 2014

T, GeV QGP S O T, GeV QGP ” 02
critical ~ critical ;
point K --- point K
S 1 S
0.1+ 0.1-
hadron gas hadron gas
nuclear nuclear
matter '\ matter
0 1 KUB, GeV 0 1 KUB, GeV
v So
STAR
N. baseline baseline
HADES? NG HADES? NE
Melanie Szala
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(1)

(2)

(3)

Correct the moments

Np! N5! N,! N35!
F; 1 (Np. Nj) =< — v> Z Z PNy Np) i v = i 1y,
(\»—’J (Np — k)! \rp_‘ Np=k (\ — ) (N — k)! 1, (\ \ ) f(‘k() (l‘ )I')
N ! 1! u,,! ng! “plA=p
fir{np:mip) = <[n1. —i)l (np—k D'> Z Zﬁ . 1p) (np —i)! (nz — £)!
" -—! 'lp—

Aik (@1, @i 81,000, By) = <1Y(-'171 )[‘\-"(-'1"2) = Oaymg) o N (@) = Oy 2 — oo — Oy 2] ,local factorial

N 5‘1}[4\"(52) — f-.l 5-2] . [J\I (.l?k) —_ ;hfk e 6ik_]’i~k]> moments"
i (1, .. 258, Br) = <1I(J|)[H(J2) Ozs .20+ I0(25) — Oy s — oo o — 8243 2]

(@) [(Z2) — 0z, ,z,] - - - [(Tk) — 0zy 2, — - - _(s-'rk—l-"'k]>’

Fip = Z z: Air(zy,..., i3 Blyeoe sy Bk) A(Tl e T T TR
- L Pa= 3 3 Gonyorcmitan). .. ccow

Bzdak & Koch, PRC 86 (2012);
Xiaofeng Luo, arXiv:1410.3914 (2014)
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0.5

So

Volume Corrections

Mean

o Evi-by-Evt Eff. §N)

Unfolding
Unfolding - Volume corr.

+ Evt-by-Evt Eff. §N) - Volume corr.

0-10% 1020 % 20-30 % 30-40 %
Skewness
~0-10% 1020% 20-30 %  30-40 %
So

0-10%  10-20 % 20-30 % 30-40 %

Melanie Szala
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Centrality determination

e Number of tracks in MDCs

(TOF+RPC)
» Sum of charge in Forward Wall
(spectators)

Forward Wall

» Plastic Scintilator
e ©@=05-75°
o 3 different sizes
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Volume Correction: Glauber vs IQMD

—— E-by-e eff. corr.
—e— + Volume Glauber SelectTracks v E-by-e eff. corr.
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Poisson Limit: Ay—=>0
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I 400 < p, < 1600 MeV
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—4- < 30-40 % central
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Proton n-particle correlations: C, vs N .,

—> Going from cumulants x,, to correlations C.
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C2
=~ evt-by-evt eff. corr.
~@- + vol. corr. Glauber
+ Vol. corr. IQMD
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-100

Cs
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+ Vol. corr. IQMD
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<Npart>

—> C, is clearly the dominant contribution to the fourth order cumulant
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Proton correlations C /N, vs. N

C/K,

= evt-by-evt eff. corr.

~@- + vol. corr. Glauber

Y02
p, = 400- 1600 MeV/c
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