Proton number fluctuations in Au+Au

Investigated with HADES

Romain Holzmann
GSI Helmholtzzentrum Darmstadt,
for the HADES collaboration

SIS 18 energy regime:

= pbeam energies 1-2 GeV/u
= moderate T, high pg
= paryon dominated
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Outline:

> HADES: Au+Au at 1.23 GeV/u

» Net proton nb. fluctuations
- corrections (acc., vol. fluc.)
- cumulants = correlations
- protons bound in fragments
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Prominent features of the QCD phase-diagram
(phase boundaries, CEP) are expected to result in

=>» diverging susceptibilities & correlation lengths
= extra“ fluctuations of conserved quantities
(e.g. baryon nb, charge, strangeness)

=>» observable discontinuities of the higher

moments of particle number distributions,
visible in a HIC beam energy scan!

(see e.g. B. Friman et al, EPJC 71 (2011) 1694)
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Fluctuations probe features of QCD phase diagram
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= extra“ fluctuations of conserved quantities
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Fluctuations probe features of QCD phase diagram

M. Stephanov CPOD2014
l T, GeV (‘)(’;P K4/K2

critical density
point

0.1+

1
1
1
1
hadron ;g;‘\

nuclear
matter

|
1

|

1

|

1

|

1

1

A \
\

\

baseline

increasing +/s

>
decreasing u

- Needs high-statistics data sets

acquired under well controlled
experimental conditions!




The HADES detector at GSI

High Acceptance DiElectron Spectrometer
- Iarge acceptance

= 2-3% mom resolution
® hadron & lepton PID
" up to 50 kHz trigger rate ~ TOF

MDC I

RICH ’4’:‘: v MD : Magnet
. MDC'1

CPOD2017 August 7-11, 2017 Stony Brook, NY 4



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

HADES y — p, coverage for protons Proton mt & y spectra
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(I) Efficiency corrections

Note that efficiency = acc x det. eff x rec. eff !

1. Correct the cumulants

A. Bzdak & V. Koch, PRC 86 (2012); X. Luo, PRC 91 (2015);
M. Kitasawa, PRC 93 (2016)

2. Correct measured distributions (bayesian unfolding)
Garg et al., J. Phys. G: Nucl. Part. Phys. 40 (2013)

=>» we have investigated both methods
1. in simulations based on UrQMD euvts filtered with full HADES response
2. in real Au+Au data
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Hades efficiencies vs. p,, y, centrality & N, /sector

centrality = 30% - 40%
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efficiency vs. detector occupancy

= efficiency sector 0
« efficiency sector 1

. efficiency

<.
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=>» Efficiency drops by up to 15% with occupancy,
need to do a dynamic efficiency correction!

= Model € = €(N,, .., Sector) to correct evt-by-evt!

Stony Brook, NY

We verified this correction scheme
in full detector simulations using
24, 54 or 96 separate acc. bins

(Ay X Ap; X sector).




Method 1: Evt-by-evt efficiency correction of k.,

Efficiency depends on particle, centrality, pt & ... Bzdak & Koch, PRC 91 (2015)
Tang & Wang, PRC 88 (2013)

. . Xiaofeng Luo, PRC 91 (2015)
=>» correct by phase-space bin and evt-wise ! Masakiyo Kitasawa, PRC 93 (2016)

v o/ N Np! O & e e N N |
P ) = <(A-\-}J1—f')! (N; : ff)!> PP P("\'p"'\f’)(-\-"pz—-z)z (;\"pik)z Fi (N, N3) = fi(ny.ng)

(1) o Np:?' Np=k (c )-.i(c_)k
) . L ”--p! np np1 ”"ﬁ! c.,p L——D
fik(np, np) = <('np Ty — > Z Z; p(1np, np () — i)l (rp — )]

np=ti ng=
‘4i.k {I]I’i,%l'f’a] = <\_ '1’1 [\_ ’I’fz —5T1IQ_...[_-'T\'T(.’I?I')—(SJ:l_rf—...—53:1._1"1.{.:
(2) \ {3—71 [\' {-12) .rl N 2] ce I:‘-{_{IL.) - 51'1..1“;, T ee. T 6.2:;.,_1..1:;,,]> ,,Iocal factorial
Qi (T1y -0y T3 7150, ) = (n(@1)[0(22) — Oay oz - - - [(Ti) — Oy mi — - - — Ous_y i) moments”
ﬁ'(il )[ﬁ(EQ} - 6331-3“-2] s [ﬁ'(‘%f\‘) - Irj--131--’% T T 51‘&-_1 --I‘h-]) :
Fir = Z Z Aig(zg,. ... Tii Ty, k)
(3) T1peeyTi T1yennalpe Fi..i.' —
fi[& = Z Z Gi,l‘{:.ll ..... Ty 51....,53}
T yeos®i B oo T —> correct evt-by-evt

with dynamic €=g(N)
- as well EP effects ...
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Method 2: Unfold the multiplicity distribution

100
3 . total multiplicity accepted in phase-space bin
detector response function

2
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120
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Response matrix
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recons input Qv
. I S AT S
Nprotons
10 MeVis
'>_<103
hmultin = hmultunf2
Maan 2998 £ 0.001738 Mean 29.98 + 0.02241
M RMS 5.497 + 0.001229 RMS 5.458 + 0.01585
Tested on simulated proton spectra o o
accepted In HADES_ Skewness 0.1804 £ 0.0007746 Skewness 0.1988 = 0.01008
Kurtosis 0.03231+ 0.001549 Kurtosis 0.05428 + 0.02011

600|—
All moments reproduced within wobiNPUL —
statistical error bars! Loop Unfolded+
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Unfolding in a nutshell: regularize A

Literature: ALICE Collaboration, Eur. Phys. J. C 68 (2010) 89; Eur. Phys. J. C 77 (2017) 33.
S. Schmitt, J. Instr. 7 (2012) T10003.
P. Garg et al., J. Phys. G 40 (2013) 055103.

Problem:
y=A": X X =true signal, A =response matrix, y = measured signal

Knowing y and A, find x.
Unfortunately, A is often quasi-singular and can not be inverted (ill-conditioned problem!).

Solution:
Minimize via least-squares procedure the ,Lagrangian® L(x,A):

L(x,A\)=L1+Lr+ L3 minimization
Li=(y—Az)'Vy '(y—Ax), —
Lo ) a — fywo) (LTL) (2 — fomo), < Tikhonov

regularization

L3=\Y —e'x) \

ROOT implementation:
TUnfold, TUnfoldSys, TUnfoldDensity

area constraint

But, choice of T can be probematic!
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(1) Volume fluctuations effects

—> Effect of volume fluctuations due to centrality selection
on (reduced) cumulants of the net baryon number
discussed by Skokov, Friman & Redlich in PRC 88 (2013):

volume fluctuations

cp =Ky, 10000{—

.
C1 = K3 + Kjv2,

Glauber simul of
centrality bins

8000[—

3
c3 = k3 + 3Kk 112 + Kj V3,

8000

q /
ca = ka + (diaky + 363)va + 6Kk V3 + K s,

4000

®= k, proton number cumulants
= ¢, volume affected cumulants
= v, volume fluctuations cumulants

20007—

| | L |
"] 50 100

il 1 N L
150 200 250 300 350 400
part

—> Take volume fluctuations v, from a model, e.g. Glauber or transport adjusted to
the observable used to define centrality in a given experiment, and correct the data.

=> Effect of centrality selection =» Discussed in more detail by
investigated with UrQMD simul PBM, Rustamov & Stachel
by G. Westfall in PRC 92 (2015) NPA 960 (2017) 114
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Volume fluctuation effects on cumulants

Glauber simul of N,,,nqeq + Negative Binomial model of particle production at RHIC & LHC
Braun-Munzinger, Rustamov & Stachel, Nucl. Phys. A 960 (2017) 114

— 80—
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At large +/s, odd terms cancel!

—> partial cancellation of volume terms at large N,,?
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HADES centrality selection in IQMD simulations

Npart

2500
IQMD (TOF+RPC hit mult)

2000 LVL1 .Iur! A

Npart :
P IQMD + clusterizer

20-30%
10£20%

1500
1000

500

1 (| 11 11 1 1111 L.l 1
50 100 150 200 250 300 350 400

DD

=» TOF+RPC hit mult & track mult
are similar to our Glauber fits

= FW sum of charge has worse resolution

IQMD (selected tracks mult) -> fragments in final state
(evts provided by Y. Leifels)

Npart

IQMD (10000 - FW £,)

400
Npart

1000

500

DD

=» FW used to avoid auto-correlations!
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Proton cumulants «, vs Ny, In 1.23 GeV/u Au+Au

Volume-corrected proton cumulants: (model = Glauber or )
or 40}
[aV] (a2 ] — <t F
Y L~ 2100
F | =& evt-by-evt eff. corr. - L
30__ —- + vol. corr. Glauber 20; :
B + Val. corr. [QMD : L
I 0
ok L
20 -
: = evt-by-evt eff. corr. L
[ —20j - + vol. corr. Glauber —1 00 oL evi-by-evt eff. corr.
101 r | + Vol. corr. IGMD : ~#)~ + vol. corr. Glauber
L 40+ I + Vol. corr. IQMD
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Choice of phase-space bite for fluctuation analysis

HADES y — p, coverage for protons

'3‘2000 T T I:- -IU-_I_I_ |E| \u L [ Il:\ In L ]
%% % - ] ESL-O " _1.:_4513 - 5:25.0 | 1 05 ]
= 1800~ 10
100 o B 3 1 10° 7
1600[— ; — 1
B jsoo e’ . 7]
80 - ! i
1400 L
- o "' .
® 1200 | 7]
0 1000 .

20 800

0 600
0 02 04 06 08 1 12 14 16 ]
Yiab A A = R ’
t } 400 8 f
rapidity gap = 1.5 units! 200 ; 5
0 Al Ll L) N 11 ]
=> Select a phase-space bite f)g 04 02 002 04 0608 y_y1
- avoid spectator matter R4 N
- avoid baryon nb conservation phase-space bite used in fluctuation analysis:
- cover relevant correlations y =7y, +0.2 and p,= 0.4 — 1.6 GeV/c

stay within detector acceptance

CPOD2017 August 7-11, 2017 Stony Brook, NY 15



Checking the Poisson limit: «,, vs. Ay

- Expect to approach Poisson limit for narrow enough phase-space bin!

- Shown here for our Au+Au proton data with volume corrections:

SK - o K - 62
100
oL 30-40% centrality r 400 <p, <1600 MeV
. - de—— — O 0-10 % central
Poisson — _ g0l
o & 30-40 % central
' - o HADES
60~ { limi
o—2F ! preliminary
. o |
7 a0l
-4 preliminary 40r
i 400 < p_< 1600 MeV
r @ 0T1o tral 208
-10 % centra F
L 30-409 :
78-— % 30-40 % central = % Centl’ihty PO-SSOI‘]
| | | | | 0 1 i ] 5 !
y, 205 y 04 y +03] y +02 |y +01 y,£05 y 04 y+03l y +02 |y +01
phase-space bin: y,.. = vo + Ay S-0->1and k-0%>—>1 for Ay >0

=04 —1.6GeV/c
Pe / = ok!
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Fully corrected scaled moments vs. centrality

HADES 1.23 GeV/u Au+Au proton moments:

Ko K3 2 Kq
w="2 Skxog =% K x o2 = X
K1 K2 K2
2 30-40% 30-40% =
5_HADES &0 - 20-30% 8— ; —@— E-by-e eff. corr. 8
L preliminary 20-30%  0-10% | & i Unfolding w
r 20-20% ) :.:_::::.:==:Z-== b o«& 2 X 6:* —&— E-by-e + Volume corr. E
- i o i —4— Unfolding + Volume corr. | =
2- & r — o
...::_..::-_ : - j>>
[ ’ b 1 B ;
3 . - /o
1.5- » - 0-10%
r —=®— E-by-e eff. corr. L
r . 0| —=— E-by-e eff. corr. I
Unfolding B
i Unfoldin, B
i —* Eby-e+ Volume corr. | | —e— Ebye +gVOIume corr. L
17' —+— Unfolding + Volume corr. —+— Unfolding + Volume corr - HADES
! ! ! ! | L ! ! ! ‘ L ! ! ! ‘ L L ! ! ‘ ! L L ! ‘ ! _1_| Il Il Il ‘ Il 1 Il Il ‘ Il 1 1 Il ‘p\r\elﬁmip\aw\ 1 ‘ Il —6;|p\r\elimip\ar\y\ ‘ 1 1 Il Il ‘ u 1 1 Il ‘ Il Il 1 Il ‘ Il
50 100 150 200 250 300 50 100 150 200 250 . 300 50 100 150 200 250 . 300
< Npart> < Noart < Nnart >

Error bands correspond to 5% systematic error on proton efficiencies.

—~ Scaled cumulants deviate from Poisson with 1 N,
- Volume corrections on k,/k, smallest for most central
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Comparison with STAR BES-

STAR analysis: Xiaofeng Luo et al., PoS (CPOD2014) 019

5

arXiv:1503.02558v2

-HADES
| preliminary

(Net-)protons

HADES 0-10 %
HADES 30-40 %

STAR 0-5 %
STAR 30-40 %

i

R

—a—

—p—— o

2 3456

10

20 30

 red/black = unfolding of proton dist. + vol. flucs. corr.

100 __200

VS

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

r HADES (Net-)protons
27preliminary ®m HADES 0-10 %
i m HADES 30-40 %
i o STARO0-5%
i + STAR 30-40 %
1J *
©
X T ® $
v L ¢ ®
| ]
®
Of
_1 | | | [ | ‘ | | | I | | |
2 3456 10 20 30 100__200
VS
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Cumulants & multi-particle correlators

Ling & Stephanov, PRC 93, 034915 (2016)

The cumulants k;, hold information on multi-particle correlators C,:

ks =< N> +3C,+ Cy NN+
N

Ke =<N>+ 7C,+6C; +C, O £3 B PEIGEED B £ 0
HOoHL st N [+ L

Bzdak, Koch & Strodthoff, PRC 95, 054906 (2017) <€ based on STAR data (X. Luo et al., CPOD2014)

Propose C, vs. N, (& Ay) as a better approach to isolate critical fluctuations:

200F #=— 7C;  AutAu, 7.7 GeV 1 — 7C;  AutAu, 115 GeV 20 — 7(.7‘2 Alu+Au,|19.(36ev I
—-a 60, 60r o = 60, ] — = GO
150F o-. c, / - O, ; 1ok . W (;‘j /‘f «
plots based 100 / 40 , FAEN
L B / ya
on STAR data=> .- } 20 : g |
= s0¢ & T 4 ST e i {‘\
\ I 0 e -
¢ -«‘;_—_—_-!\——.' —10f
N —20r b
=501 () \} (b) (©
50 100 150 200 250 300 350 50 100 150 200 250 300 350 -20 50 100 150 200 250 300 350
N, N, N,
part part

part
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20F

15F

10

25

Proton n-particle correlations: Cp, vs Npq.¢

HADES - from cumulants k,, to correlations C,:

Volume-corrected proton correlations: (model = Glauber or

C

2

CPOD2017

L
100

150 200 250 300
<N

part>

-100

CS
+ Vol. corr. IQMD
: N
P T T T I T S NS S S B
100 150 200 250 300
<Npart>

600/

| |- evt-by-evieff. corr.
400 |

+ Vol. corr. IQMD

vol. corr. Glauber

200+

100 150 200 250
<N

=» Non-trivial evolution of C,, with proton

number Np, < Ny gyt !

August 7-11, 2017

Stony Brook, NY



N,ot dependance of proton correlations

Proton correlation functions vs. centrality in 1.23 GeV/u Au+Au:.
Contributionstok, =<N > +7C, +6C3 + C,

HADES STAR

O r IQMD v.c. T T T T T T T T T T T
5001 |s#7c, AutAu 2.4 Ge 200f =~ 7C, AutAu, 7.7 GeV - — 70, AutAu, 11.5GeV
L 6C, — = GC, 60 u- 6C; |
r +C4 1507 —--0 ( /| == () K
g ! / 40 ! /1
- 100t }-’ 1 /
0 S s 520 S
i < sof s 1 ° _,{,-/’%
0 .’_.,? | 0 —— T _ - _ i
| -—-—l—q—-q=——|s_______;r__r_‘
-500r- enl N —20F i
i | | | | | 50 (‘1) I I I I I I i (b)\ I I I 1 1
100 150 200 250 300 50 100 150 200 250 300 350 50 100 150 200 250 300 350
<Npart> Npart Npm’t

= The increase of C, with N4, is even stronger at low /s !
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Proton correlations: C,, /N, vs Ny,

Scaled proton correlations: (model = Glauber or )
. /K, s 3/ N\ = 4/ ™\
x‘_ L A i “---..ﬂ_
~ 5 [ | evibyeutefi corr ~n L O 300
O I | =@ + vol. corr. Glauber O O B
B r i =~ evt-by-evt eff. corr.
L + Vol. corr, IQMD r L
1 5 [ L 20_ —@- + vol. corr. Glauber
L -2 __ i + Vol. corr. IQMD
i I 10F
L —4 I |—=%— evt-by-evt eff. corr. i
05 i : —@- + vol. corr. Glauber 0 N
’ E 6 '_ + Vol. corr. IQMD Ty E
] S N AN ST A I R R B ol b L L
100 150 200 250 300 100 150 200 250 300 100 150 200 250 300
<Npart> <Npart> <Npart>

All C, /N, vary strongly with N, < N,,,,.! = large correlations
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Comparison with STAR: scaled C,

Data: X. Luo et al.,, PoS CPOD2014, 019 (2015)
Theory: Bzdak, Koch & Strodhhoff, PRC 95, 054906 (2017)

4- T STAR I 1 70,/N) |
HADES: /s = 2.4 GeV § 8 6C/(N)
2_ § i O4/<N> |
Cy4 /N =36 z %
3 5
O gl : o
7C,/N =~ 6 02 , ooty an
6 C3/N ~ —35 Llf AutAu, 0-5% |
AT
Vs [ GeV]

Interpretation of such strong correlations not clear at all.

Bzdak, Koch & Skokov e.g. argue in EPJC 77 (2017) 288
that stopping of nucleons may produce mult-particle ,clusters®.
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Systematics of d/p from STAR collaboration (QM2017)

1

@ STARO-10% dip
® STAR0-10% d'T --. Thermal Prediction
. A SISdp
", & EOS802 dip = T=16261 4.9 MeV
-
-
v
[ ]

B

104

-
o
-

-

2
o

MNA49 dp

PHENIX dip .
PHENIX dF STAR Preliminary

ALICE dp

;

102

T
1 |'|||||||

ParticIE Ratio
7

%

1
i

|
C_').DK.
3

ﬁmz 10°
\'sny (GeV)

7 f000 . 2000
/ mom / q [MeV/c]

d/p = 0.3 - 0.4 (analysis in progress)
—> Sizeable fraction of protons are bound in fragments: d, t, He, etc.

= How do they contribute to baryon-number fluctuations ?
= How should they be taken into account ?

=» Deuteron nb. fluctuations in Au+Au
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Fully corrected scaled moments of N, + Ny

HADES 1.23 GeV/u Au+Au proton+deuteron moments:

Ko K3 Ky o
w = -2 Skx g == KXcg?==2 5
K1 K2 K2 e
>
3 &0 i 30-40% °
i 20-30% 0-10% o\° « 3 20-30%| —®— Prot + Deut 20 g
: 20_20% :.::.:.:.:..:.. B .::.-__::;;:__..:::::..._:::__":::. é 5 B —8— Prot + Deut
L < r —&— Prot + Deut Volume corr. 15
2.5~ 2 .
r 30_40 ¢ L - —®— Prot + Deut Volume corr.|
i 1: 10-20% 10
L b [ ol L s
2 L © ":f 7
s’ oo % (| 30409\
L r 0 M | % 4
- i S
1.5~ —e— Prot + Deut -1 N < O
"HADES - S - __
1: in work —e— Prot + Deut Volume corr. _2§HADES —5? HADES \
L L 1 L ‘ L L L1 ‘ L L L 1 | L L i i | i i i i | 1 — : iln\ W\\or‘k\ 1 L L ‘ L L1 L ‘ L L L1 ‘ L L L 1 _1 Iir\‘ \w\orkl L L L ‘ 1 -.u L1 L ‘ L L 1 L ‘ L
50 100 150 200 250 _ 300 gO 100 150 200 250 . 300 %0 100 150 200 250 300
< NDart> <Nnart < Npart

- efficiency corr. evt-by-evt (assuming €4 = €))
- volume flucs. corr.
- error bands = +5% uncertainty on particle eff.

CPOD2017 August 7-11, 2017 Stony Brook, NY 26



Summary and Outlook

= Analyzed proton nb fluctuations in hi-stat Au+Au evt sample at \/syy = 2.41 GeV

=>» 1st time this kind of analysis has been done at low energies
= Systematic study of experimental & instrumental effects:
= use of fine grained y-pt bins for eff. corr.
= evt-by-evt changes of efficiency
= |large volume fluctuations due to centrality selection in HADES forward wall
= contribution of bound protons (to be investigated further)
= Very large multi-particle correlation effects observed in HADES Au+Au data
=> interpretation of these results (also w.r.t. STAR data) needs more input

—->—> Program to be continued at FAIR phase 0 (2018+ w. HADES)
and beyond (2025+ w. CBM)
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Particle ID in HADES

Hadron ID based on

Velocity vs. p

ooy 1
104
= ToF
i = Momentum
= dE/dX
o g 10

ool Hadron mass spectrum
0.25— 10 E}, 1 E 1 pl | T ]
0.1 § - mue etutnt d/*He ]
foo 0 7000 2000 %’ 107 3 E
mom / q [MeV/c] = - He t §
E 10—2 - K K+ ]
9 E 3
MDC & TOF dE/dx dE/dXx vs. p < - §
107 / - =
= ; oy ;
S n y, ]
S 10° 10 = \|I 5
5 - _ .

O - 1
= i 107 il 1 E

-1000 0 1000 2000 3000 4000

10 Mass x polarity [MeV/c? x q]

7000 2000
mom / g [MeV/c]

CPOD2017 August 7-11, 2017 Stony Brook, NY 30



Centrality selection in HADES

In 1.23 GeV/u Au+Au collisions:

= protons & fragments dominate

= centrality selection based on o _
= hit multin TOF & RPC FW made of plastic scintillator tiles

= or track mult covering polar angles 8 = 0.5° — 7.5°

= or FW mult & charge sum
(avoids auto-corelations!)
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4x4, 8x8, 16x16 cm? tiles
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Average proton mult vs event-plane angle

mean mult vs event-plane angle 0%-10%
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from Glauber fits to hit/track observables

N

part
adjusted to hit distribution in TOF & RPC.: adjusted to track distribution in MDC:
Npart {MultTOF +MultRPC<587 8 &MultTOF +MultRPC>=0} Npart {MultSelectTracks>1&&MultSelectTracks<160}
9000}~ Glauber (TOF+RPC hit mult) 100007~
8000[— |
7000F- 30-40% sl
6000 I
: 6000 |—
5000[ -
4000f- I
: 4000
3000~ i
2000 — 2000 —
1000 — I
S 'sln 00 150 'étlm 'ééd 300 ééd ~=400 % 50 mld '15|o' 200 250 énLd 350 . 400
part part
4 centrality bins used within 5 g _ for FW selecti
HADES LVL1 trigger used as estimate for selection

N, fluctuations, also called volume fluctuations,
must be corrected for in the data!
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Volume corrections (evt-by-evt vs. unfolding)

Mean Sigma
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Proton cumulants «, vs Ny, In 1.23 GeV/u Au+Au

Proton cumulants from unfolding + volume corrections
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Centrality dependance of proton correlations

Proton correlation functions vs. centrality in 1.23 GeV/u Au+Au:.
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