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Exploring the QCD phase diagram through Hl collisions

" proton detection in HADES
Quark-Gluon
Plasma

centrality estimators

cumulants & correlators

® volume fluctuation corrections

Temperature
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:::o &, " conclusions & outlook
B
Hadronic Gas B HADES Au+Au at /Syy = 2.41 GeV
& . > Adamczewski-Musch et al. PRC 102 (2020)

Baryon Chemical Potential
Ag+Ag at VSNN — 2.55 GeV

- analysis in progress ...



The HADES detector at GSI

High Acceptance DiElectron Spectrometer
= large acceptance (setup used in Au+Au run)

= 2-3% mom resolution Shower
® hadron & lepton PID
® up to 20 kHz trigger rate
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Event cleaning in HADES

Segmented gold target: Kindler et al..

= 1977y material NIM A 655 (2011) 95

= 15discsof @ =2.2 mm
mounted on kapton strips

= Az=3.6 mm

= 2.0% interaction prob.

Remove Au+C bkgd on the kapton

_ with a cut on ERAT = .E; /) E;
Event vertex cut on target region
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Particle ID in HADES

Hadron ID based on
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Proton fluctuation signal purity

= Proton pid impurities <1073
" Weakdecays,e.g. A»p+m, X->p+mn” <6.5-107%
within
same evt | * Knock-out (spallation) protons <3-1073
= from secondary reactions in target / target holder
= 50% pp, 45% np, <5% np (Geant3 + GCalor)

" Au + C reactions on target holder (8um kapton) foils < 1073
different = suppressed by trigger & centrality selection

evt classes asymmetric rapidity distribution y >y,

" Event pile-up (central evt + min. bias evt) <3-107°

relative contribution
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Centrality selection with the Forward Wall

FW made of plastic scintillator tiles
covering polar angles 8 = 0.5° — 7.5°
= protons & clusters dominate i.e. a pseudorapidity of n = 2.7 — 5.4
= centrality selection based on (HADES itself covers y = 0 — 1.8)

= hit multin TOF & RPC

= or track mult

= or FW sum of charges

=» reduce auto-correlations!

In 1.23 GeV/u Au+Au collisions:

=>» Used for event-plane reconstruction

Pre-Shower Forward Wall

44/

cross section of 1/6 HADES sector

4x4, 8x8, 16x16 cm? tiles
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HADES y — p; coverage for protons
Yo =0.74

85° 55°

Proton distributions in Au+Au at /s = 2.41 GeV
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Proton multiplicity distributions

ErTT

&3
yey,+0.2 ‘gw“rw yey,+05

T ;‘y..j._ Uy
8 105El.r J,"' L1 1

s =
s .-
l))‘; -
[T
[bé:l— T r\ L1 1

1

Useful acceptance
for fluctuation analysis

y=VYox0.5
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Analysis based on 1.6 - 10® Au+Au events
divided into 5%-centrality bins in the range
of the 0 - 40% most central events
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E-by-E efficiency-corrected moments in Au+Au

Mean
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Kurtosis

N
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day 108-122 (5 sectors) Au+Au at 5 = 241 GeV
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From the moments
we can calculate

- factorial moments
- cumulants

- reduced cumulants
- factorial cumulants
- etc.

but ...
... are dominated by

e-by-e variations
of the source volume!
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Centrality estimators in HADES

N, ;. centrality

IQMD (TOF+RPC hit mult)

N, centrality

Based on a simulation with

IQMD + MST clusterizer
(evts provided by Y. Leifels)

50

IQMD (selected tracks mult)

100 150 200 250 300

=>» Centrality selections lead to large
volume fluctuations 6V = N4,
characterized by volume cumulants v,

35C
part
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=>» We use FW for fluct. analysis
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Volume fluctuation corrections (VFC)

V. Skokov, B. Friman & K. Redlich PRC 88 (2013), A. Rustamov et al. NPA 960 (2017),
Sugiura, Nonaka & Esumi PRC 100 (2019), Esumi & Nonaka NIM A987 (2021)

Averaging the volume-dependent proton distribution moments

<NEoe>=[PWV) \ZNg‘rotP(Np,lﬂotW)dV
Y
< Nprot >v

one obtaines volume contributions to the observed reduced cumulants c,,:

observed true
C1 = Kj (1)
Co = Ko + wag (2)
C3 = K3 + KUz + 3K1K202 (3)
Cy = Kyq + H.'ll‘v; + (Sh'fh'gz.r;; + (4}{1}{;; -+ 3Hfj) Vo (4)

where k,, are true reduced cumulants, ¢, are observed cumulants
and v, are volume cumulants, and assuming all k, are constant!
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Reduced proton cumulants in transport models

Definition: k, =K /V withV =A

part
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See also Sugiura, Nonaka & Esumi

PRC 100 (2019)

Noo: (¥ £0.2) & A, Vs A,

!

UrQMD

—> Skokov et al. assumption (k, = cst) is not fulfilled!

- Extend formalism to NLO: k,, = Kk, + k), - (V = V)
and N2LO: k,, » Kk, + k- (V = V) + K, (V —V)?

details given in Adamczewski-Musch et al. PRC 102 (2020)
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UrQMD 1.23 Au+Au Ky
no LVL1, no FW clean cut
:I | | | 1 | | | | 1 1 | | | | 1 | \\I
100 200 300
Apart
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Ad-hoc approach: N, . as a proxy for N

part
280, Nhits vs Npart
F [ 1aMD AusAu
B IQMD simulation shows that
150[- Ny is proportional to N,
i —> use N, as proxy for vol. flucs.
sof i.e. rescale & adjust the v,
oF 700 200 300 400
Observed N, distributions (selected on FW) Reconstructed N, distributions
x10°
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Reduced proton cumulants in Au+Au data: y =y, + 0.2
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effect of volume fluctuation corrections
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- Vol. fluct. Corr. (VFC) are
important!

- NLO terms are needed!

- Eventually, also N2LO terms
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Volume correction of proton nb. moments:

2" HADES Au+Au
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Mean
s
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Volume correction of proton nb. moments:

. HADES Au+Au
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HADES, PRC 102 (2020)
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Au+Au data: N2LO corrected cumulants & correlators
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<N> scaling of volume-corrected correlators C,

B. Ling & M. Stephanov PRC 93 (2016)

consider two extreme scenarios:

(1) Aycorr KAy - (, <Ay

(2) Ayeorr > Ay - Cp < (Ay)"
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=>» observed scaling favors long-range correlations (Ay.orr > 1)
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Alternative Ny, > N, transformations
based on a Glauber Monte Carlo

hidden variables

observables
/ (b, Npare, Hrp) \
trk
Partlcle Partlcle
N,.
o-m-- ol — €

ZQFW
J |

A minimal model:

Glauber Generic
@D = pavall— 8 —— i ———— @

randomizer

e.g. Poisson(AN__, ) x (1-a N2 )

> compute the K(Npart) from the k(Ny;;) and expand N

part

> do a Bayesian reconstruction of the N__ . distribution

part
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True Poissonian process:

Applying total cumulance to
X = Ny;; = Poisson(X| ,_ypart)
we obtain an analytic relation between

the cumulants of Ny, and N, :

See also
Broniowski & Olszewski, PRC95 (2017)

Observed Au+Au Nh,f distributions

N,.. = Poisson(AN

pa rt)

1=1

Kn|Nrit] = Z/\ Sa(n,%) Ki[Npart] (1)

With the inverse:

=1

B[ Ngare] Z/\ S1(n, %) Ki[Npit) | (2)

x10°

where S, and S, are Stirling numbers

Glauber MC

P 1 600
s [ (a) 0-5%
8 35 = 40% A
400/ , NAR A | o
\' | i
| [ X ‘ ‘ |
200+ (f | l‘ ‘l‘ ‘,' : ] | { " 200
Lo S MR VAN - | Poisson
4 .‘X “‘ ‘. ! ] | 4
% 00" 200 0
N

hit

N - N reconstruction
\ using Cornish-Fisher

Npit > Nyar transformation
using total cumulance

+

Cornish-Fisher expansion

of the N, distributions
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Bayesian reconstruction of centrality

PHYSICAL REVIEW C 97, 014905 (2018)

Relating centrality to impact parameter in nucleus-nucleus collisions

Sruthy Jyoth Das,'~ Gisliano Giacalooe,” Pierre- Amaury Monard,' and Jean-Yves Olfitrault!

PHYSICAL REVIEW C 98, (124902 (2018)
| Editors” Soppestien |
Reconstructing the impact parameter of proton-nucleus and nuclens-nuclens collisions

Rudolph Rogly, " Giuliano Giacalone,' and Jean-Yves Ollitrault’

PHYSICAL REVIEW C 104, 03460912021)

Model independent reconstruction of impact parameter distributions
for intermediate energy heavy ion collisions

1. D. Frankland 0,' * D. Gruyer,” E Bonnet,” B Borderie,’ R. Bougault,” A, Chibili,' J E. Ducret,” D. Durand,’
Q. Fable.” M. Henrd.' J. Lesnané.! N, Le Neindre,” | Lombardo,” 0. Lopes.” L. Manduci™ M. Pirdog,”’
). Quicray,” G Verde,"" E. Viewt,” und M. Vigilante'
(INDRA Collaboratson )

—

S—

S—

Ollitrault et al.

- validated with
simulations and
applied to LHC data

INDRA collab.

- validated with
low-energy GANIL data
Epeam<100 MeV/u

Apply Bayes’ theorem —

P(B|A) = P(A|B) P(B)/P(4)

Setting A =N,;, B=N,,, with

prob of N, for given N,
prob of Ny, for given N,
min bias N, distribution

min bias N, distribution

P(B|A) <
P(A|B) <>
P(A) <
P(B) <>

30/11/2021 FANI-2021 | R. Holzmann (GSI) for the HADES collaboration

< to be reconstructed
< Glauber fit to N, data
< data

< Glauber

minimal model
(Glauber MC)

38



Glauber-based Monte Carlo of Au+Au data
for details, see HADES centrality paper EPJA 54 (2018)

HADES data with 5% centrality cuts on FW signal

clean sum charge vs. mult TOF+RPC A clean mult TOF+RPC
10000 : =10 i
- | 2d cut ] " \\
Q. + 3000 | Au+Au data
000‘ 5 : AU + AU data r |] daleB
Au+Au data - wf |
L - |
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7
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10000 210
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8000}~ : .
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6000 L
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I 100_—
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2000} > sl
\ >
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OOQLAL‘Sﬁ"""‘icjﬁ"'l"iéﬁ"LL a0 ’zgol’r ‘3%0 B 50100 150 200 Nm*f’f;o

Poisson(AN ) X (1-aN?..) N, |
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Bayesian reconstruction of centrality

For the Ny, > N, reconstruction we follow Frankland et al. PRC 104 (2021):

YNy P(Nnit|Npart) P(Npart) w(FW & LVL1 & 2D)
2Ny P(NhieFW)

P(NpartlFVVc) —

clean mult TOF+RPC

10° 10° reconstructed N,

r 0

i b

L Au+Au data B !
0 200 . Glauber MC

C day108
2501 i

L 150 LVL1 k\u\
200~ I 0-40% ™

- 5% cuts on £Q.,, +2d cut - vy
150 100 "~

- i,

L . . e

: Bayes i 5% centrality bins e
10— «—

-3 :: : I

. >0 | »
50— <

= >

1 1 1 1 1 L I Lol g = "
GD 50 100 150 200 N 250 0 50 100 150 200 250 300 350 400
hit
Npart
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Volume correction of proton nb. moments:

Bayesian N, > N,

HADES Au+Au /4

Au + Au protons (5% bins):

y=y°+_0.2

P, = 0.4-1.6GeVic

eff & vol corrected N2LO

HADES re-analysis November 2021
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Volume correction of proton nb. moments:
Bayesian N,.. > N

part

- HADES Au+Au /,

- Skew
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:
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2 Bayesian
: Au + Au protons (5% bins):
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...........

P, = 0.4-1.6GeVic

eff & vol corrected N2LO

CF expansian
g o

Npart
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HADES re-analysis November 2021
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HADES vs STAR: status of 2020

IQMD rescaled N,,, (used in HADES PRC 102 paper)
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Note that STAR updated
their data in 2021!
- PRL & PRC 104
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Comparison with STAR 2021

y,£0.2 y, £ 0.5
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Bayesian N, 2 N

part
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STAR sees a ,,non-monotonic”
trend of K,/K, with N _,
which they interpret as a sign
of possible critical behavior

PRL (2021), PRC 104 (2021)
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Comparison with STAR 2021
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STAR sees a ,,non-monotonic”

trend of K,/K, with N

part

which they interpret as a sign
of possible critical behavior

PRL (2021), PRC 104 (2021)
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Hadron Resonance Gas + van der Waals forces

PHYSICAL REVIEW C 98, 024910 (2018)

Critical point of nuclear matter and beam-energy dependence of net-proton number fluctuations

Volodymyr Vovchenko,'-? Lijia Jiang,” Mark I. Gorenstein,>* and Horst Stoecker’>*

~

KG

scenano |: QCD critical point dominates

baseline

scenario Il: nuclear matter critical point dominates
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Proton cumulants: forward vs backward rapidities

Bayesian Np;; > N,

error band of Sk™Sig vs Apant error band of Ku*Sig2 vs Apart
15+ v
i i3 HADES Au+Au
- ' forward rapidities
1af
" E i
= W=
12 {: b
11 F
} 37
.,-‘ ALLL.'.IJIlllvlkl.A..A.‘I.AALJJJ.I Llsali) osi..l.l.LiLAALi.Ll.LA:A,L.[ALIALAAAJ_ILLl“l, [L..IAJAIl).IAlIL,l\l.lLl.lJLllAlL_J,,.J"
0 100 W 20 2% W 0 & w0 100 150 2 ™ MW I 0 " 0 150 20 20 W0 W0 400

error band of Omega vs Apart error band of Sk*Sig vs Apart error band of Ku*Sig2 vs Apart
r 1.5)= -
Ik esian N ‘ sE . . :
7B N, * HADES Au+Au
150 E . gegs
: s backward rapidities
14f= : 0.5~ .3:.
130 ":—
125- o -2F-
!f:> 3;
E 0.5 E
||« FYWR'E ST CUWTE FUTWE SYWTE POVTE FYYTR IR PPTYY PRI PR PPN SYUTY Bveee | [FUITE PEYPE PP | PSPPI YT DT
50 100 150 200 230 300 350 400 50 100 150 200 250 300 350 400 S5 100 150 200 250 300 3% 400

HADES re-analysis November 2021 - Systematics!
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Summary and Outlook:

=  Analyzed proton number fluctuations with HADES
in 1.23 AGeV Au+Au collisions

= Applied full (N2LO) volume corrections to observed proton

cumulants using different N, > N, transforms

= Found indications for strong long-range correlations
(>1 in rapidity)

— absolutely need to control volume corrections!
- remnant effects of liquid-gas phase transition?
- bound vs free protons?

- very high-statistics Ag+Ag data are available for analysis
- beam-energy scan <1 AGeV (SIS18) & >2 AGeV (SIS100)
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How do bound protons contribute?

Systematics of d/p from STAR collaboration (QM2017)

1

HADES 1.23 GeV/u Au+Au data

T T T T 171 II T T TT II

@ STARO0-10% dip

® STAR0-10% TP --. Thermal Prediction
SIS dip

EOS802 dp = T-=162.6+ 4.9 MeV
MNA49 dp

PHENLX di -
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ALICE dp

f
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—
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T IIIIIII|
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Particl:q Ratio
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%
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/ mom / q [MeV/c]
/

d/p = 0.37 in 0-10% most central

1

3

10 10° 10°

Sy (GEV)

Large fraction of protons are bound in nuclei: d, t, He, etc.
How do they contribute to proton-number fluctuations?

=>» Investigation of light nucleus production in Au+Au
is ongoing (M. Szala & M. Lorenz)
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Correlations of N__. & centrality selection

prot
Q =
- IQMD Au+Au 1.23 GeV/u < £ urqvD
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Pearson’s linear correlation coefficient: py, =
Jvar(x) var(y)

- Non-zero correlations have a damping effect volume fluctuations!
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Correlations & volume fluctuations

A centrality selection on
1 2 3 4 nb. of tracks is problematic

If N, and N, are correlated,
a cut on N, will reduce the
width of the selected proton
distribution

Volume fluctuation cumulants v,
are modified by correlations!

v

selected N,
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Extended (NLO) Skokov volume corrections

i =K+ f{'l‘l.fz (1)

N , )
Cy = Ka + K102 + Kyt + 2k1K7 Vo + 2K1 K] v3
2 7 2Y7 Y/ 2y 7 7

+ 267205V + KEVIVa + 262V + K20y

c3 = K3 + K1U3 + 3k1kovs + 3 (K1Kh + K K2) U3 + 6K) (fcf + Ky) vaVa
+ 3k} (kT + 2H.'2) Vi + 3k (h‘f L r;.'z) vg + 1261 K2VE 4+ 361621 V3
+ 24K, KR20a Vs 4 65162V + 3k16205 + 3 (kakh + K Ko) Vo (3)
+ 8kB0a Vi + 6kPVIVE + 1063V + kBVEVS + 24V, Vak?
+ 33VIVy + 12630,V + 362 Vs + KPvg + 3k kEVIV, + Kivy

cy = Ky + 1;114', - (il;ff.‘gt';; 4+ ( Ikikg + -'il;i_) vy + 24 (H:I‘h"l + ‘lfilh',llhi.lz + 2,‘{'12,‘{.3) A

+4 (KK + 6r1K KD + 367K2) Vi + 2 (263K + 6r1KT Ky + 3!."125'2

+ 48 (KIKT + K] hz) vaVy + 12 (463K + BKPRY) v3Vy

+ 72 (K167 + 26T KS) VaVs + 6 (h 2+ 3kRy) ViV + T2 (K1KT + KTKS) 12V)

+6 (263KT + 3KTKY) Vs + 6 (k367 + 62K

+2 (()hlh2 + 12K1 K] Ko + 4K K + 3K ) va Vi

+ 2 (3K3KY + 61K Ko + 4K Ky + 3k7) Vi + 2 (33 Ky + 2K1K5 + 2K K3 + 3kaks) U3
+ (6K1K) + 126K Ky + f‘lr;'1 kY + 367) vy + 96K, KPVE + ‘)()'fclrf'“v;2

+ 288k KPvsViE + T2k kPVIVR Vs + 4y kPVEV, + 144K, 62 V5V

+ 128/«:111,1 vaVy + 1.2;;,1,‘;1 ViV + 72/‘{1,‘\‘1 v V5 + 12H1H1 Ve + 41{11;

+ 24 (2K, K Ky + K R) Vi + 6 (261K K + KT Ky) ViVa

+ 2 (2k1K5 + 2K k3 + 3Kakh) Vo + 48k eV + 48K VIV + 48K VIV

+ 240k v Vi + 32k 0s Vi + 288K V2V, + 24k VEVR VS + K11V

+ 144620, V2 + 7262 ViVa Vg + 128k V3V, + 4kVEV; + 7260 Vs

+ 56K"403V5 + 6KAVA Vs + 24VaVerk*vaVs + AK4V5 + h‘ 36 R VIVY

+ 6k VEVE + 4K k5 ViVa + 3KEVAV: + Kjus

Where the v, are reduced
volume, i.e. N, cumulants,
and the k, and k,” are
obtained by fitting eq. (1) - (4)
to the measured proton
cumulants c,,

Note that v, terms appear
now up to 8" order!
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Mean

NLO corr. proton moments in Au+Au data: y = y, + 0.05
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Au+Au protons:
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=» approaching Poisson limit
in narrow phase-space bin!
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Re-analysis of the proton fluctuations:
proton correlators (IQMD based N, ;)

HADES Au+Au
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As published in PRC 102 (2020)
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Re-analysis of the proton fluctuations:

proton correlators (Poisson+CF of N )

HADES Au+Au
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The n-particle correlators are very robust!
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Re-analysis of the proton fluctuations:

proton correlators (Bayesian N, )

HADES Au+Au
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The n-particle correlators are very robust!!

30/11/2021 FANI-2021 | R. Holzmann (GSl) for the HADES collaboration 70



