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Dense Baryonic Matter
Physics Topics

Open questions

Origin of hadron masses

Role of of condensates
QCD-Confinement
Equation-of-state of dense matter

Super-dense matter in the laboratory

Neutron Star Merger
Observation via gravitational waves 16

GW170817: B.P. Abott et al. (LIGO + VIRGO) 159 0
PRL 119 (2017) 1611001 '

Density profile across a
merging NS binary system.
Takent =1.4ms (t =0 see
below).
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M. Hanauske, L. Rezzolla et al. J.Phys.Conf.Ser. 878 (2017) no.1, 012031
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Matter

IC
Relation to Neutron Star Mergers

Dense Baryon

logyolp (g cm™)]
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Dense Baryonic Matter
Topics of this Talk

Collective effects
Proton, deuteron and triton flow results up to 4 order (v4, Vs, Vg, Vy)

Femtoscopy
Fireball size and dynamics from two-pion correlations

Vorticity
Global A polarization

Baryon number fluctuations
Proton fluctuations at low energies

Christoph Blume NeD-Workshop Krabi, Thailand, 2022



Collective Effects
Principle

Emission relative to event plane
Interactions in medium = different pressure
gradients in different directions

Access to medium properties, e.g. Vviscosity
Equation-of-state

Fourier-Decomposition
Extraction of moments v,
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radial flow

directed flow

vy = (cos(¢))

elliptic flow
vz = (cos(2¢))

triangular flow

1@} vy = (cos(3¢))
Yre

¢ =(¢—Ygrp)
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Collective Effects
Event Plane

Event plane Reconstruction

18t-Order event plane
Projectile spectators in Forward Wall

EP-resolution via sub-event method
J.-Y. Ollitrault, arXiv:nucl-ex/9711003

HADES Au+Au Sy = 2.4 GeV
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Event Plane Resolution
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v, = 02 /Ry,
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HADES

Projectile Spectators

Participants

Target Spectators
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Collective Effects
Energy Dependence
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Compilation of world data
Good agreement of integrated adv4/dy (directed flow) and v, (elliptic flow)

Out-of-plane v,
Long spectator passing time Tpassing = Texpansion = * squeeze-out”
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Collective Effects

Results on vy, v,, v5 and v, for Protons, Deuterons and Tritons
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Collective Effects

Results on vy, v,, v5 and v, for Protons, Deuterons and Tritons

HADES Au+Au ﬁ =24 GeV
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Collective Effects

Results on vy, v,, v5 and v, for Protons, Deuterons and Tritons

HADES Au+Au ﬁ =24 GeV
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Collective Effects

Results on vy, v,, v5 and v, for Protons, Deuterons and Tritons

HADES Au+Au VT =24 GeV
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Collective Effects

Results on v4 — vg for Protons, Deuterons and Tritons
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Collective Effects
3D-Representation

Complete picture
of flow pattern in
three dimensions

Shape determined by flow
coefficients v4 — vg

Complex evolution of shape as
function of rapidity

HADES, Phys. Rev. Lett. 125 (2020) 262301 14 T
2
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Protons
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Collective Effects

Relation between v, and v,

Scaling properties :v 25_ HADESAu+AuVs_NN=2AGe _E
Prediction for ideal fluid: ‘ — —
va(pr) _ 1 z
3N 5 @@@ :
v2 (pt) 2 o = -
_0'5: Protons ly 1<0.05 _z_ 1.0<p <1.5GeVic _i

PF. Kolb, PRC 67 (2003) 031902 G frrrbr e
N. Borghini and J.-Y. Oliitrault, PLB 642 (2006) 227 S of T bd=e + EhADsEE{e o Lt E
C. Gombeaud and J.-Y. Oliitrault, PRC 81 (2010) 014901 e || + 125 (2020} 262301 :
Slightly higher values (~ 0.6) expected in P [ = E
more realistic scenario osF lﬁ—" E E
0'5;_ Deuterons ly,.| <0.05 _; 1.0<p,<1.5GeVic ]

Observed ratios for p, d and t S E
Independent of p; 3 ]
Close to predicted value of ~ 0.6 13
05 3

Hydro-like matter at SIS energies? i3
O°F Tritons - Iy, | <005 N 10<p,<15GeVic 3

I B e

pt(GeV/c) Yem
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Collectiv

e Effects

Scaling Properties of v, and v, at Mid-Rapidity

HADES, HADES Au+Au Sy = 2.4 GeV
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Scaling of v, (v4) and p; with nuclear
mass number A (including higher terms)

1
1+ 22 (pe)
1+ U%(Pt)
1+ 6”721(1%)

Un,A=2 (2 Pt) =2uv, (pt)

Un,4=3(3pt) = 3vp(pr)

Works as expected in simple coalescence picture (only at mid-rapidity!)
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Collective Effects
Geometry Scaling

HADES Au+Au \Syy = 2.4 GeV
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Collective Effects

Model Comparisons to Proton Data

Determination of EOS
New level of precision
Additional information from higher orders

Models:

JAM 1.9 NS3 (hard EOS, mom.-indep.)
JAM 1.9 MD1 (hard EOS, mom.-dep.)
JAM 1.9 MD4 (soft EOS, mom.dep.)
UrQMD 3.4 (hard EOS, mom.-indep.)
GiBUU Skyrme 12 (soft EOQS)

Conclusions
Overall trend reasonably described,
but no model works everywhere

Several systematic deviations

Unified description of cluster production missing
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Femtoscopy
Principle

Bose-Einstein-Correlations
Pairs of identical bosons (charged pions)

Widths of correlation inversely
proportional to size R of pion source
_he 200 GeV fm

A
1= R~ R ¢

Multi-dimensional analysis
Access to fireball evolution
(radial flow)

M.A. Lisa and S. Pratt,
arXiv:0811.1352

Analysis relative to event plane
Access to event shapes

Christoph Blume

G
° A
2 Thermal Bosons A=1
Partly coherent Bosons
+ contamination A<1
1 >
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Femtoscopy
Charged-Pion Correlations

Space-time-extend of fireball
3D correlation function

Bertsch-Pratt parameterization
2Qong

Radius parameters
Strong my-dependence — radial flow

15t observation of charge sign difference

R. Greifenhagen, QM19
HADES

Phys. Lett. B795 (2019) 446
Eur. Phys. J. A6 (2020) 140
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Femtoscopy
Radius Parameters

HADES

Energy dependence
F’)out’ Rside and Rlong

HADES result follows trend from higher
energies (SPS, RHIC)

Room for structures at low energies as
indicated by E895 data?

18t observation of charge sign difference

Phys. Lett. B795 (2019) 446
Eur. Phys. J. A56 (2020) 140

Christoph Blume
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Femtoscopy
Radius Parameters

(,',_‘ IIIIIIII T ‘r‘ T T T TTTTT T I]IIIIII T IIIIIII| T T
[ - ] £
= 3¢ HADES nw w,
2 % HADES m'r 210 m, = 330 MeV  _|
4000 O E895 | T;m é vy
4 E866 mm 5 v
+ EB866 n'n* Y & v
/\ NA49 mm i v ]
¢ CERES rmn'n . . — _
Y STAR rrn'nt * 4 W HADES xx
B ALICE trsm'n o~ % * HADES r'n* —
v 4 O E895 i
2000 LY v N i + & E866
N L + E866 n'n’ i
¢O %& O /\ NA49
e B ¢ CERES rr+r'n
* T+ m, =330 MeV 101 ¥ STAR rrnr’ |
B ALICE rr+n'n*
ol IIIIIIII 1 |||||||| 1 |||||||| 1 1 1 [IIIIII] 1 I]IIIIII 1 IIIIIIII 1 1
10 102\/_[G Vi 10° 10 102\{_[G v 10°
Snn L€ syy [Ge
Vio = (2m)*? R2;4. Riong |- (A7)? = (R2,, — R%,,.)/B7 |
Energy dependences HADES
Freeze-out volume: HADES result follows trend from higher energies (SPS, RHIC) Eur. Phys. J. AS6 (2020) 140

Room for structures at low energies as indicated by E895 data?

Difference between R, and Ry Close to zero (HADES), maximal for intermediate energies (top-SPS, RHIC)
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Femtoscopy
Azimuthal Dependence

Fits relative to event plane

Rotation of osl-system relative to EP-system
Formulas: PLB 496 (2000) 1, PRC 57 (1998) 266

Corrected for EP-resolution

= Access to event shape parameters

Eccentricity € in xy-plane
Compare to initial participant eccentricity €iial
from Glauber MC

-----

Early stage (high py12): /| T
Efinal = Einitial ! R

. - .
Late stage (low py 10): ' Enitial - |
Efinal ™ 0 . /'F ,"

‘‘‘‘

Christoph Blume

NeD-Workshop Krabi, Thailand, 2022

Efinal

=8 Pys = 160 MeV/c TCTT

04| & P,,, = 250 MeVic

p .. =440 MeVic
t12

0.3— Au + Au
Vsnn = 2.42 GeV

# + 7
0.2
— “/'/," +
-t . '
o= . | . | . | ! | .
0 0.1 0.2 0.3 0.4
€initial
o ol — o2
ef’l,nal - 0_?3 +0_%

HADES
Eur. Phys. J. A56 (2020) 140
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Femtoscopy
Azimuthal Dependence

Fits relative to event plane g 4
Rotation of osl-system relative to EP-system Ew =%
Formulas: PLB 496 (2000) 1, PRC 57 (1998) 266 @ 3"_ : :
Corrected for EP-resolution & i 5
&
+
Au + Al gh
= Access to event shape parameters 50 J;NNzg_ 42 Gey ng
o P, = 160 MeVic :I:
. . =F P,,, = 250 MeVic + i
Tilt angle B, in xz-plane + pmusMevic|
! ! =+ puz=440MeVIc 7t+Tl'.+fU|| l +
-100- + p =550 Mevic T T open |
1 | 1 I 1 I 1
oy 0 4 6 8
], b [fm]
16| tends to decrease with increasing px 1o
Eur. Phys. J. A56 (2020) 140
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Vorticity

Principle of Global A Polarization

PROJECTILE
SPECTATORS

Global polarization
Large angular momenta |L| ~ 10°h
Extreme vorticities possible (w = 102" s7)

N
\
\\

Observable via polarization of spins
relative to event plane

(spin-orbit coupling, e.m.-coupling) R
< TanceY
SPECTATORS
Observable Z. Liang and X.N. Wang,
Weak decay: A - p + 11~ -L PRL 94 (2005) 102301
Proton plrefe.rentlally in spin direction F Becattini et al,
= Polarization Ph: PRC 95 (2017) 054902
: * p, -6 .,

Py = 8 (sin(Vep —¢})) e STAR Collaboration,

T o Rgp R PRC 76 (2007) 024915
N decay parameter: a, = 0.643 + 0.013 & R HADES Collaboration
Y:-r = event plane angle, Rgp = EP-resolution h PLB 835 (2022) 137506

®*, = proton azimuth angle relative to EP Tz
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Vorticity
Measurements in Au+Au (S = 2.42 GeV) and Ag+Ag (s = 2.55 GeV)

) g o PRC103 (_2021) 3,1031903, HADES p_€[0.2,1.5] GeV/c ye[-0.5,0.3]
Analysis procedure < e S U
. . == crossover EoS 0O 20-40% O 20-40%
EP eStI matlon from SpeCtatorS PRC1OE411]Z; :52%521) STAR 20-50% p, €[0.5,6.0] GeV/c [n|<1
. . . . - y 42 A PRC76 024915 (2007)
Optimized A reconstruction with ANN 6 E purh,besm. DT pe0420] L TR O

B ¥ PRC98 014910 (2018)

- * ALICE 15-50% p €[0.5,5.0] GeV/c |y|<0.5
4 j / ¢ PRC101 044611 (2020)

L STAR 20-50% p_€[0.7,2.0] GeV/c ye[-0.2,1]

- + PRC104 6, L061901 (2021)

Results (10-40 % cent.) i
P (Au+Au) = (6.3 + 1.0 (stat.) = 1.3 (syst.)) %

i 1 3 0 _______________________________V ____________ 0__‘__
Px(Ag+AQg) = (4.4 = 0.3 (stat.) £ 0.4 (syst.)) % T I TN R ST R
1 10 10° 10°
. Crot(Miny) = (sin(Wep — ¢3)) VS - 2my [GeV]
Highest values measured at strangeness . b — -
production threshold /sy = 2.55 GeV o S o o

E O Mixed-event BG © Mixed-event BG
—a35000— 10-40%

(should vanish around y/syn ~ 2 my = 1.9 GeV) oo s I N o et

Agrees with 3D-fluid-dynamical model § oo 8

AMPT underestimates data N . ) D arsaraanane
= TN oot et L

HADES cﬂ%ﬂﬁ}“Tf'q'u' Jey;ww =

Phys I_ett 8835 (2022) 137506 70.?:00 7110 7120 130 70.:):3_0 7170 7120 130

M,,, [MeV/c?] M, [MeV/c?]
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Vorticity
Measurements in Au+Au (ySyy = 2.42 GeV) and Ag+Ag /sy = 2.55 GeV)

® HADES Ag+Ag {5y, = 2.55 GeV
10— UrQMD+therm.vorticity, PLB803 135298 (2020)

Py [%]

Centrality dependence

| p, €02 15]GeVic

Increase towards less central events °[ yeros.oa H
Same trend as in STAR data (different phase space!) o T hensey !
S i
Phase space dependence ° ’ ’ ) p—

No strong dependence on pt and y observed

Py [%]

— yel-05,0.3] +
00 0|2 0.|4 OIG 0|8 ; p11:2[GeV/c]
Model comparison E L
Good agreement with UrQMD + thermal vorticity b ¢ + i ]
O. Vitiuk et al., Phys. Lett. B803 (2020) 135298 s + | + l |
z: { ® 1040% [ ‘
HADES 11— | : ?=5_5 im | | pTe[OI.Z, 1.5 Gewlc |
Phys. Lett. B835 (2022) 137506 T e e o e
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Vorticity
Outlook

T F
VOI'tICIJ[y a-t |OW energleS Liquid flow ) ;'—_' E CBM projections: 2x 10" mint.Jias AuAu collisions
i ®=rotv 51— m A e X ¢ =
Large effect % - HADES 10-40% p,:[0.2,1.5) GeV/c y: [-0.5,03]
Wi, < - 4 :_ O Ag+Ag/Au+Au
Where is the onset? \ - STAR 20-50% p_: [0.5,6.0] GeVic hi<1
Py 3 A PRC76/Nature548 / PRC98
— O X Nature548
.o . ~ { = PRL126
Drlvmg meChar?lsm for the \ 2 ALICE 15-50% p,: [0.5,5.0] GeV/c lyl<0.5
coupling of orbital momentum Q) ¥ - i O PRC105020902 (2022)
to spin not yet understood _ = i
Takahashi, et al. Nat. Phys. (2016) -
| | o S
Systematic measurements at low energies needed -
_1—_llllllll 1 1 lllllll L 1 lllllll 1 1 lllllll 1 1 11 11
1 10 10 10°

VSuy - 2my [GeV]

CBM physics program:

N\ and =~ polarization with 5% precision

Mapping of A excitation function
(= 103 event required)
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Baryon Number Fluctuations

Motivation

Search for critical point
— Susceptibilities diverge
— Enhanced fluctuations

Fluctuations of conserved quantities
(strangeness, baryon number, charge)
Higher moments should be more sensitive

Vary freeze-out conditions via energy scan

Wy

baseline

‘/g_ M. Stephanov

Observable
Moments of net-proton distributions
(proxy for baryon number)

Christoph Blume

NeD-Workshop Krabi, Thailand, 2022

Early
Universe

| Critical Point

Crossover )/

!
-

704

Temperature (T) £

Baryon Chemical Potential (ug)

(2]
—

8 105%

= 106% yey,+05

0-5%




Baryon Number Fluctuations

Corrections
S Y I N puAu
Observable (HADES) HADES, g | % p-04-16Gevc | 8 09 - A ey
T . . . 0.6 Y = i :
Moments of proton multiplicity distributions 2%32 (F;%\EO) =T n Sod ]
Centrality selection with Forward Wall (5%) 024914 o N\ : *
0.4\ 35*‘ n 02_ *R + _
) t W
Efficiency correction - e W o ° % |
. . 0.2+ T L .
Track density dependent efficiency - : m&; |
. . - IQMngentgenerat(_)r_ L —0.2|- R
Evaluated via different methods @ Snoml svorego effiney Lot oo e
Binomial E-by-E:  A. Bzdak and V. Koch, PRC 86 (2012) 044904 + ﬁegularized unfolding N
S. He and X. Luo, Chin. Phys. C42 (2018) 104001 % Yoment expansion (N, (N_»
Unfolding: P. Garg et al., J. Phys. G40 (2013) 055103
Moment expansion: T. Nonaka et al., NIM A906 (2018) 10 - - - ————
¥ T A | 1 % 0 rABa
i AT A 1 0.4- .
0.15f .
' + A A 4 A
Volume corrections ; s, ool A |
Extension of assumption of constant reduced 0.1 . - O
cumulants K:n(V) = Kn/V = const. P90 0 j Oi— .
V. Skokov et al., PRC 88 (2013) 034911 0.05- A ] [
P. Braun-Munzinger et al., NPA 960 (2017) 114 A woomitad i ?u+Au 02" 202 i
FJJswn = 2.42 GeV L pt=0.4-1.6GeV/c
Here: 2M-order approach: O sevan i L] ST TR S
2 coree 100 200 300 100 200 300
kin(V) = kin + K (V = (V) + £, (V = (V) o N N
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Baryon Number Fluctuations
Energy Dependence of Scaled Cumulants

Extension of STAR-BES results

Skewness (K3/K5): smooth trend
Kurtosis (K4/K>):  change of sign (0-10(5)%)

Contribution from spectators
Fluctuation sources: fireball <= spectators
Relative admixture energy dependent!

= [wo rapidity intervals shown:
Vo = 0.2 and yy + 0.4 (STAR: yy = 0.5)

HADES,
Phys. Rev. C102 (2020) 024914

Outlook

Include bound protons (d, t, He)
Ag+Ag data

Christoph Blume

v T Tm oto%mmaoes [] N | " 'm 0-10%HADES |]
3 2 W 30-40%HADES || ¢ W 30-40 % HADES |
X 1 X 4 H
L ® O05%STAR |- | ® 05%STAR ||
a |
' @® 30-40% STAR L @ 30-40% STAR
1 ® 20 ]
| ® ... ] I + PY Lé ] |
I °e ] [ $ ee0 o U
| = ) ok e i
o e - -
-y, 0.2 y,+05 r *
| | _2_ 1 1 ]
2 34 10 20 100200 2 34 10 20 100200
. o
ST T G T e e
o | Vo? 0.4 y,+05 = W 30-40 % HADES |1
X " X 4 H
® | ® 05%STAR ||
8o
! ¢ .0. 1 ! @ 30-40%STAR |-
°* o ]
o+ . | g " |
n
i M 0-10 % HADES |1 I ‘$ [T X ) L
W 30-40 % HADES || 0 e i
om ® 05%STAR || "
_o @ 30-40%STAR - 2' 1
N | 1 sl 1 N B A | [ | 1
2 34 10 20 100200 2 34 10 20 100200
V SNN [GeV] \} SNN [GeV]
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Baryon Number Fluctuations
Energy Dependence of Scaled Cumulants

Extension of STAR-BES results
Kurtosis (K4/Kb):  change of sign (0-10(5)%)

Agrees with STAR fixed target result at \/syy = 3 GeV

Current situation
Non-monotonous vs. smooth behavior?
Evidence for critical point?

Large corrections = large systematic uncertainties
Systematic measurements at low energies needed

CBM physics program (first three years):
Complete excitation function of k4(p),

First results on kg(p),

Extension into strangeness sector k,(/\)

4 T T T T T T 1T | T T I- I. T TT T T ]
- Au + Au Collisions [1,2] _
b 3 < ¢ STAR (0 - 5%) —
“ L Aﬁ_ s @ net-proton ]
(7)) 2 —iji i‘gg 0 proton :::l4<<0:)(eev1c)<2) ]
E -EE §¢ /%I I BES-II projecti(‘)n
) 20 l:n l
I o ae
@) n
S Lib T
< n i
.g) 1 L D:, o HRG — — GCE |
I i g — . Ezt—proton
B ¢ E UroMD s proton (-o.s <y <o) 1
-2 1| l i I I | l | | | | T T | I | |
2 5 10 20 50 100 20
Collision Energy \s,, (GeV)
HADES,

Phys. Rev. C102 (2020) 024914

STAR,
Phys. Rev. Lett. 128 (2022) 202303
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Conclusions

High precision flow data will provide constraints on EOS
Bayesian analysis (similar to: Kuttan et al., arXiv:2211.11670 or Huth et al., Nature 606 (2022) 276) ?
Consistent modeling of cluster formation essential

Smooth evolution of femtoscopic radius parameter
Difference between R, and R4 ClOse to zero at low energies

Vorticity maximal close to strangeness threshold

Effect measured via global A polarization
Driving mechanism for the coupling of orbital momentum to spin not yet fully understood

Baryon number fluctuations: kurtosis negative at low energies
Evidence for any non-monotonic behavior?

Precision measurements at low energies needed = CBM physics program

Christoph Blume NeD-Workshop Krabi, Thailand, 2022
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Dense Baryonic Matter
Heavy-lon Collisions

Heavy-ion collisions

QCD phase diagram in the region of high uig Quark-gluon plasma

T

Rare and penetrating probes t

lllllllllll

C LQCD
e SPS/RHIC BES

150 T ruic * G %ﬁ‘
.

@a);,
@a)r,

Au+Au Eg\=2.4 GeV

s

Temperature (MeV)
S
o

T AGS
100 s
600 ]
700 N
800 Hadrons hIS18
5 900 © F. Seck et al., 50
W JPCS 024 (2018) 012011 HADES

1 | | 1 | | | 1 Il NPCIIei I. |
400 600 800 1000
Baryochemical potential (MeV)

o
O_IIIIIIII[IIIII

Bulk properties of dense fireball '2(1.)0|

Pion + proton beams
Properties of baryon resonances
(vacuum, cold QCD matter)
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Collective Effects
Model Comparisons to Proton Data

Determination of EOS

0.02
New level of precision
Additional information from higher orders 0001
2 —0.021
—0.041
Next Steps towards EOS ¥
More detailed comparisons —0.06F oy Kuttan et al.,
= Bayesian analysis Coosld arXivi22T1. 11670 |
2.5 3.0 3.5 4.0 4.5 -
snN [GeV
Other models, e.g. PHQMD Vo [GeV]
102 === Prior
E — HIC
Same recipe for cluster formation (?) F — HIC data
Exploit also data on d and t in unified manner 5P s

101 3

Combination with other observables and
results from astrophysics

Pressure P (MeV fm~)

100 Huth et al.,
Nature 606 (2022) 276

| | L | | L Il | | | 1 | | L L | 1 1 1 I
0.5 1.0 1.5 2.0 2.5 3.0

Number density n (ng,,)
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Collective Effects
Results on vy, v, v5 and v, for Protons, Deuterons and Tritons

o
N
I T T

HADES
e

ycm

T
interval:

[+]-0.05 - 0.05

[-1-0.25--0.15
[+]-0.45 - -0.35
-0.65 - -0.55

ﬂuuunuuuuununununnnnunnnuuuuuuuuuuu
O

u"

AR R
Protons

R RaEE B REAmmamy
Centrality 20-30%

Deuterons

Au+Au YSyn = 2.4 GeV

| | |
Tritons

-0.21

-0.4F

—0.6-— [« Backward-
o Forward-Rapidity (x -1)
I P P PP P PRI NP IR P e I ' N AW NS NS RN SN W S N T N N FEEE NS AR S FEE RS S
0 02040608 1 12141618 2 02040608 1 12141618 2 02040608 1 12141618 2

p, (GeV/c)

p, (GeV/c)

P, (GeV/c)

HADES, arXiv:2208.02740
Christoph Blume
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Collective Effects

Results on vy, v,, v5 and v, for Protons, Deuterons and Tritons

HADES Au+Au Sy = 2.4 GeV
>‘_ -IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
04F — Yem interval: Protons Deuterons Centrality 20-30% Tritons
4" []-0.05-0.05
r [+]-0.25--0.15
2 -0.45
0.2r E'_O 68 HADES Au+Au Sy = 2.4 GeV
: Uu >N 0 4:| TT I LI I LI I LI I LI I LI I LI I TTT I LI I LI I I::I TT I LI I LI I LI I TTT I LI I LI I LI I LI I LI I I::I TT I TTT I LI I LI I LI I LI I LI I LI I LI I LI I I:
Un E Y, interval: Protons I Deuterons ¥ Centrality 20-30% Tritons 3
C % 03 [1-0.05-0.05 F F 3
02k q’*ﬂ:ﬁbh “F [£)-0.25--0.15 + ¥ ]
T ; 0.2F [+]-0.45--0.35 =+ + =
L E -0.65 - -0.55 T T 3
0.4 0.1k =+ + =
-0.6 r [« Backw 0:_ _::_ _::_ _:
- o Forwa c I I ]
5 01 E3 E3 E
00204 goF + + 3
—0.3F + T 3
[ (] Backward- I F 3
-0 4-_ o Forward-Rapidity i - -
S S P T DI T B S PR T O SN P T PR T P ST PR S PR SN ST P T BT P ST S P ST e

0 02040608 1 12141618 2

p, (GeV/c)

HADES, arXiv:2208.02740
Christoph Blume
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Collective Effects

Results on vy, v,, v5 and v, for Protons, Deuterons and Tritons

HADES Au+Au Sy = 2.4 GeV
>‘_ -IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
[ Yy interval: Protons Deuterons Centrality 20-30% Tritons
0.4 70,05 - 0.05
r []-0.25--0.15
2 -0.45
0.2r E'_O 68 HADES Au+Au Sy = 2.4 GeV
: .v>N04:|||Il||||||||||I|||I|||I|||I|||||||I|||I||||||||I|||I|||I|||||||I|||I|||I|||I|||I||||||||I|||I|||||||I|||I|||I|||I|||I|||||
Un E Y, interval: Protons Deuterons Centrality 20-30% Tritons
C %;a 03 [1-0.05-0.05
aab °F []-0.25--0.15
02 J 0.2F []-0.48
L o 06E HADES Au+Au (S = 2.4 GeV
oub ot .v>mOISi..,...,....,..I.-,...,...,...,...,...,...,.____...,...,...,...,...,...,...,...,...,...,:i..,...,...,...,...,...,...,...,...,...,.__
. - . Elyf% ?te(;vgé Protons F Deuterons ¥ Centrality 20-30% Tritons 3
r O e SR il X A
~0.6[~ CxBackn E e 0250 To5-.0.15 T + ]
[ ~0.1F ooF [£1-045--0.35 I ES 3
0 02 04 02 3 “E -0.65 - -0.55 I T ]
E 0.15F + + 3
03 : : : ;
0 45 I%l Esrcvt: 0.1 T + =
0 0204 005F + + =
O == II—:— + =
E =] Backward- I ¥ 3
-0.05 [~ o Forward-Rapidity (x -1) -0 T -]
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HADES, arXiv:2208.02740
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Collective Effects

Results on vy, v,, v5 and v, for Protons, Deuterons and Tritons

HADES Au+Au Sy = 2.4 GeV
>‘_ -IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0.4 Elyocnb ?tegvgé: Protons Deuterons Centrality 20-30% Tritons
r [-]-0.25--0.15
2 -0.48
02p [0 HADES Au+AU (S = 2.4 GeV
B >N04;|||||II:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|||||||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
o "B Vg interval: Protons Deuterons Centrality 20-30% Tritons
C @;;‘-z?;a 03F [1-0.05-0.05
aof “F [-]-025--0.15
o2 ] 0.2F []-0.48
- o 06E HADES Au+Au Sy = 2.4 GeV
'_ r bt (o] L L L L L L L L B L L L L L L L L L L L L L L L L L L L L L I L L L B L L L L L LB LI B
0.4 0.1F ~’ 0.3F orval:
C E c Elyocnbg‘ e(;"gs' Protons Deuterons Centrality 20-30% Tritons
L 0:_ E -0. -0.
-0.6p~ [x]Backw E e 0250 To5-.0.15
- —0.1F E [+]-0.4¢
Lol 2 0.2F E-oec HADES Au+Au Sy = 2.4 GeV
0 0204 _,F : B e e A A M i e
F 0151 i Y interval: Protons Deuterons | Centrality 20-30% Tritons ]
-0.3F : [ [:]-0.05-0.05 T T :
£ [=]Backw 0.1F L [+]-0.25--0.15 1 I ]
_04F ° Forwa r | 1 1 ]
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Collective Effects

Results on vy, v, v5 and v, for Protons, Deuterons and Tritons

Cent ral |ty , gHADES Au+AU Sy = 2.4 GeV HADES Au+AU [y = 2.4 GeV
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Collective Effects

Results on vy, v, v5 and v, for Protons, Deuterons and Tritons
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Proton Number Fluctuations
NNLO Volume Corrections

Christoph Blume

K1 = K1 + U2k,
Ko = Ko + K%’UQ + Fu,z’UQ — 2f<;1f<;'1V2 - 2n1f$’1v3 -+ 2/1’121)21/2 — n’fVlVg + 2%'12V3 + H’12U4 \
Fiz = k3 + K33 + 3K1Kavs + 3(k1KYy + Kiko)vs + 61 (KT + Ko ) Vo + 3/{'1(#:% + 2k5) V3
+ 3n1(/~;1 + Kh)vg + 1261 K2VE 4 361 K2 VIV + 24k KP0a Vs + 66152V + 3k kP vs
+ 3(k1Kb, + K ko) Vo + 8/<; v2V2 + 6k V1V2 + 10k SvaVs + K V1 Vs + 24V2V3h:1
+ 3h1 ViVy + 12n1 voVy + 3h1 Vs + hl ve + 3h1h2V1V2 + n3v2 \
Ry = Kq + HI’U4 + 6nlngv3 + (4k1k3 + 3&2)1;2 + 24(/<cli<;1 + 4Ky K RS + 2&'12@)1}2‘/3
+ 4(KiKY 4 6r1RY KRS + 3K R2) V) 4 22k K] + 6r1K K + 3K Ko)us
+ 48(KIKE 4+ KRS vaVy + 12(4KTKE + SR KY ) usVa + T2(KIKE 4 2K k) Va Vs
+ 6(kIKE + PR VIVY + T2(KIKE 4+ K2KS)va Vi + 6(263 K77 + 3k12K5) Vs
+ 6(k1RE + K2 RY)ve + 2(6KTKY + 12k K Ko + 4K, K + 3K )ua Vi
+ 2(3KTKY + 6k K Ko + 4K K + 35 )Va + 2(3K3 ke + 2r1 Ky + 2K K3 + 3Kakh)vs
+ (67 KD 4+ 12r1 K ko + 4K RS 4 365 ) ug + 96k KV 4+ 96k KPPV + 288k kP us Vs
+ 72filf<;'13V11/2V3 + 4ﬁ1n'13V12V4 + 144/\:1/<a'13V2V4 + 128n1n’131;3v4 + 12/<;1/<;’13V1V5
+ 72/<.1fc'13vg% + 12/<.1fi'13V6 + 4K.1fi'13v7 + 24(2k 1K kY + /{'12/12)V22 + 6(2r1 K Ky + /{'ff;g)VlVg
+ 2(2r1 Ky + 2 kg + Brorh) Vo + 48k 0o V' + 48KV VS + 48K VI VE + 240k 0o Vi
+ 326 0gVy + 288K VEVS 4 24KV EVR VS + KPVEVL + 144610, VE + 126V,
+ 128K V3V + 4kPVEVE 4+ 1262 Va Vs + 56k 03 Vs + 612V Vs + 24V Voo Vs + 4671 V5
+ kitug + 36K2kEVIVE 4 6ROV EVs + Ak kEVIVa + 3BV Vs + Klvs
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Proton Number Fluctuations
Reduced Proton Cumulants (Fully Corrected)

Christoph Blume
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