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Cartoon of a Ultra-relativistic heavy-ion collision
Left to right:

- the two Lorentz contracted nuclei approach,

- collide,

- form a Quark-Gluon Plasma (QGP),

- the QGP expands and hadronizes,

- finally hadrons rescatter and freeze
Unlocking the QCD phase diagram - Benjamin Ddnigus
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(to< 1 fm/c)

The fireball evolution: beamm\beam

Starts with a “pre-equilibrium state”

Forms a Quark-Gluon Plasma phase (if T is larger than T,)
At chemical freeze-out, T, hadrons stop being produced
At kinetic freeze-out, T:,, hadrons stop scafttering

Unlocking the QCD phase diagram - Benjamin Ddnigus
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Lattice QCD results

Lattice QCD
tells us where
to expect the
phase
transition

Critical energy density:
ec = 0.34 £ 0.16 GeV/fm3

Critical temperature
Tc = (157 £ 2) MeV

A. Bazavov et al. (hotQCD) Phys. Rev. D90 (2014) 094503 & PLB 795 (2019) 15
Similar results from Budapest-Wuppertal group: S. Borsanyi et al. JHEP 09 (2010) 073

& PRL 125 (2020) 052001
Unlocking the QCD phase diagram - Benjamin Ddnigus 5
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st Temperature of the source

: LR L L L LT ELELIE LA S L TN LS E L TSN S ) L .
+ 10ET Pb-Pb {Sy=2.76 TeV Analogy:
N - o : 2 . .
= ol 0-10% centrality (N _ =356) Light source = particle source
= [ R
10k e « Multiplicity described best with
: .
il 0™, T =1900 000 000 000 °C
o - : (1,9 trillion degree centigrade)
B
107 e
gl SN PORIAGE > 100 000 times hotter than in the
Thermal model, T=156 MeV (V=5330 fm’) 3 H . .
P total (after decays) = *H] interior of the sun!
L - primordial :-Ql.\
N T TN T N7 TRNY TON N R [N T N7 RO DA L Ve Ty S VRN N N WY TLY M [ T TI 7 Tk [ (Y —_
0 0.5 1 1.5 2 25 3 1/40 eV =20°C

Mass (GeV)

Plot by A. Andronic, GSI-Heidelberg group
arXiv:1407.5003 [nucl-ex]
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Thermal model

« Statistical (thermal) model with only three parameters able
to describe particle yields (grand-canonical ensemble)

rraw KK 0 KR p+p =T QLT AHeA 4
2 2 Ks 2 ¢ 2 A 2 2 2 2
LI o

> E I I ' ' '
§ 10° F e | | ALICE Preliminary | .
T 402 _ R @ Pb-be @NN.: 2.76 TeV, 0_1(.)% _;
10 E_ H : X RX i s o . : : : : _3
1 j & Notin fit iy E
10_1 3 0 I;nlapolated , ; : : b =
102 L Model T(MeV)  ,2INDF 3
s | |—THERMUS23 1552 24509 || 3
10 £ |..GSI-Heidelberg 1562  18.4/9 | : s
104 L [='SHARE3 156 = 3 15.1/9) - _
i H : i i BR =25% 3
= 7 - ]
g 05 - b ¢u¢ N e e e 3
a . H . H T H H [u] - D H ) H H ¢ X [:] H H ( E
= S [u R W Rl LA - T I "= S ,:1 =
§ Ofgus s SERECEE {:‘% !{% [l:l_
° E .. R T I L =
E—Os b I ‘ 5 =
:‘—; 4 = ) ) 1ammal — ‘ [ e _:
’\é\ 2 = N B S R *- o o ‘Il.-.-.ul> ““““““ _E
_s 0F - T L UL e e et I Y V¥ 3
g _ofpwmmsd bbb jum gy | e M E
g =
E 4F [SS SNSRI SOOI SO =

- chemical freeze-
out temperature T,

- baryo-chemical
potential ug

- Volume V

-> Using particle
yields as input to
extract parameters

Unlocking the QCD phase diagram - Benjamin Donigus 7
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Energy dependence

A. Andronic et al., PLB 673 (2009) 142, updated
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Predicting yields of bound

2 1 . o '””'+gh$t'at?e§ parameter at LHC
3 10| energies:

; 12 chemical freeze-out

g o | temperature T,

g P 1 Strong sensitivity of

1 abundance of nuclei
3: to choice of T, due to:

10°
s 3 1.large mass m
b .3 2. exponential dependence of

\sw@Vv)  the yield ~ exp(-m/Tyg,)

A. Andronic et al., PLB 697 (2011) 203 T :
(2011 -> Binding energies small
compared to T,

Unlocking the QCD phase diagram - Benjamin Ddnigus 9



Predicting yields of bound
states

Key paramete

3
¢ e -, H
—-%He, *He A

—
o
o )
—

Yield (dN/dy) for 10° events

2. exponential dependence of
the yield ~ exp(-m/T,)

-> Binding energies small
compared to T,

Unlocking the QCD phase diagram - Benjamin Donigus 10



3
9

>
GOETHE E

ovversitat - Sowballs 1in hell

* Already mentioned
in S. Weinberg's
book: The first three
minutes

Recipe for a Hot Universe 93

quantities from the conditions for thermal equilibrium - for
instance, we can make the density of water molecules plus
hydrogen ions a little greater or less than 3.3 X 10** mole-
cules per cubic centimetre by raising or lowering the pressure
-so we need to specify them in order to know what is in
our glass.

This example also helps us to understand the shifting
meaning of what we call 'conserved' quantities. For instance,
if our water is at a temperature of millions of degrees, as
inside a star, then it is very easy for molecules or ions to
dissociate, and for the constituent atoms to lose their elec-
trons. The conserved quantities are then the numbers of elec-
trons and of oxygen and hydrogen nuclei. The density of
water molecules plus hydroxyl atoms under these conditions
has to be calculated from the rules of statistical mechanics
rather than ppeeied=inaduas sea it turns out to
be quite small. .) Actually, nuclear
reactions dd aditiond. so even the
numbers of nuclei of each species are not absolutely fixed,
but these numbers change so slowly that a star can be
regarded as evolving gradually from one equilibrium state
to another.

Unlocking the QCD phase diagram - Benjamin Donigus 11
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d Nuclei are formed by protons
and neutrons which are
nearby and have similar
velocities (after kinetic freeze-
out)

. Produced nuclei
. => can break apart

J. I. Kapusta, PRC 21, 1301 (1980) - created again by final-state
coalescence

Unlocking the QCD phase diagram - Benjamin Donigus 12
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* Already at AGS the
predictions from
thermal model and
coalescence were
very close

« Looking at
production yields
alone might not be

enough to
disentangle models

AGS predictions

P. Braun-Munzinger, J. Stachel, J. Phys. G:
Nucl. Part. Phys. 21 (1995) L17

Thermal mode]

Particles 7 =0.120GeV T =0.140 GeV  Coalescence model
d 15 19 11.7
t+*He 1.5 3.0 0.8

o 0.02 0.067 0.018

Hq 0.09 0.15 0.07

3AH 3.5 x 1073 2.3 x 10~ 4 x 10~
¢ \He 7.2 x 1077 7.6 x 1076 1.6 x 1073
Tos He 40 x107M 9.6 %107° 4 %108
's¢-8 16 x 1071 73 x 1013

125t~9 1.6 x 10717 1.7 x 10713

jst=!t 62 x 1072 1.4 x 10718

W 24 x 107 1.2 x 10738

208t-16 9.6 x 107 2.3 x 10~%

Unlocking the QCD phase diagram - Benjamin Ddnigus
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et Experiment: ALICE

primary and
—— TRACKING secondary vertex
: ) > \\.l TO, VO
TRD
gsegom P MUON FILTER
-
TRIGGER CHAMBER
ZDC
116m from L.P. ; y

Unlocking the QCD phase diagram - Benjamin Ddnigus 15
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.-P 4—‘
Pb Pb

i

Central Pb-Pb collision:

High multiplicity = large dN/d

High number of tracks

(more than 2000 tracks in the detector)

Peripheral Pb-Pb collision:

Low multiplicity = small dN/d»

Low number of tracks

(less than 100 tracks in the detector)

Unlocking the QCD phase diagram - Benjamin Ddnigus
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ALICE

1000 v ML AW VLY T T T ,é’ 220__' ALICE limi
= 4 AP | VOA Multiplicity preliminary
ey 900:—“. S L ‘\3 2 \He % "‘?‘I‘-’.%'E‘E“ § 2005 Class (Pb-Side) 0-10% 24GeV/c< p_<2.8 GeV/c
S 800F R\ akam #80E" )
g E 4 \ \\ % % negative particles, 160
g 700 E_ b \ \\\ Pb'Pb, 2011 run, 140:_ ® Daia
D 600 :_ \ IS = 2.76 TeV E $
o : 120 — Signal
2 500 3 100 — Background
.g 400 80F — Sig + Bkg
S 300F o 60F-
O s5F =
a 200 E . . F deuteron
- 100E-" 20 p-Pb \5,,,=5.02 TeV ¢.1
Ee_ lllll Lo dls sl s Vi Loaaa D ls s S a la sy
0t O — 25 2 -15 4 05 0 05 1 15 2 25
0.1 02 03 1 2 3 45
e 2 4
P (Gevro) M2or - M3 (GeVZ/c?)
Low momenta: Higher momenta:
Nuclei are identified using Velocity measurement with the

the dE/dx measurement in the  Time-of-Flight (TOF) detector is
Time Projection Chamber (TPC) used to calculate the m?
distribution
Unlocking the QCD phase diagram - Benjamin Ddnigus 17
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ALICE
Pb-Pb, 2011 run, \s,, =2.76 TeV negative particles
1000 - \\ ;. T ‘\l L T T T
For the full statistics — 900F" ‘ o
> - \‘ July 4", 2012
of 2011 ALICE AU TR TR E T JEr - S—
identified 10 Anti- g 700E"
Alphas using @ S00F
500 F |
TPC and TOF % E 1.5 222.5 335 4
N 400 - 7, (GeVrct)
- =
2 300 i
S 200F ki
= E o oo o frigger: S
STAR observed the o =
Anti-Alpha in 2010: 0= ' '
0.1 0.2 0.3 1 2 3 4 5
Nature 473, 353 (2011) g (GeV/c)

Unlocking the QCD phase diagram - Benjamin Donigus 18
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ALICE-PUBLIC-2017-006 H L IC E
‘I_’_\ T I T T T T I T T T T | T T T T l T T T T | T T T T I T T
o ALICE Preliminary j
N 10 ’:Mﬂ =
o - S [ <0.5 = <
g 1 _______________________ == \\ i Y ] :.‘ Q
] R L e —— E oS
= e i ey, e e F 2
O g, ) = S -4 O 8
Q o eeree e, | SEe, M NN . 3§ 3
_____ = —
g 1072 "-%ﬁqﬁ 7\’;“‘3*1_;_»7 \“\-\ T ﬁ_ % &)
2 e, e = PbPb T =Y
-o - % ‘*‘-—\\ ] O N
> 10—3§_% :-:‘:‘:’%m mt.:\ - O
= = Py “*iezge- deuterons, Pb-Pb \s,, = 5.02 TeV 3 W g
= 104LS “‘35‘9% > e 0-5% (x512) o 5-10% (x256) d O3
g%ﬂ%ﬁ% . 10-20% (x128) 20-30% (x64) =
- ) 30-40% (x32) 40-50% (x16) 1 @)
10°° & o= o 50-60% (x8) o 60-70% (x4) — ~
= PP e 70-80% (x2) e 80-90% (x1) 3 8 )
6 - --- Individual fit O ppINEL\s=13TeVT] C\U Q:
1 O E INEL normalisation uncertainty: 2.55% é w
l | 1 l 1 1 | 1 1 l 1 | l 1 1 l l 1 l l 1 | l 1 1 l | 1 l 8 é
1 2 3 4 5] 6
Q.
P, (GeV/c)

* prspectra getting harder for more central collisions (from pp to
Pb-Pb) - showing clear radial flow
« Blast-Wave fits describe the data in Pb-Pb very well

« No hint for radial flow in pp
Unlocking the QCD phase diagram - Benjamin Donigus 19
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d/d

dd

d/d

d/d

ALICE Preliminary

(Anti-)Deuteron ratio

ALICE

F T T T T T T T ph pp (s = 5.02 TeV
- i T {1005% ¢5-10% ¢ 10-20% - 20-30%
1E- Rl felelelelel - F- Bl [afee e[l -+ 4775 3 + 30-40% « 40-50% « 50-60% » 60-70%
£ 1 o 70-80% o 80-90%
=R :_. 1 1 1 1 1 1 .—::_- ] ] | | - | 1 _: 9 pp E= 13Tev
1 , , , , i , T T P B A , —
151 - = -
R R - R - E
osE + + =
R R B R O B N S RN R e R e R A
151 == = " =
: s T 0 ¢ .
1 Befeplefleleflelefelelttelg=== - - -~ - ED - R W E
051 = 5 =
1‘5:_' 1 1 1 1 l 1 —ff_' l_f-_.l l 1 1 1 1 _E
x t : t
'E" :ginunaﬂ e eoeoennees E3 ”uaﬂun Iiiil ________________ IE: ;
: E H -f
& T - S S S S B R S
P, (GeV/c)

Antideuteron-to-deuteron-ratios consistent with unity, as expected

Unlocking the QCD phase diagram - Benjamin Ddnigus
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ALICE Collaboration, Phys.Lett.B 858 (2024) 138943 ALICE
P'§ ALICE 0-10% Pb-Pb \s,,=5.02TeV ly[<05 | « d - °He
2 p——e, . (T2 (K+K)/2 o + (*He+He)2
(/D\: z ga s gy (p+P)/2 ---- Combined blast-wave fit
g e S | ¢ Simultaneous Blast-
© el Wave fit of nt*, K*, p,
L d, t, 3He and 4He
o B spectra for central
T Pb-Pb collisions
8 = leads to values for
S Jan {» and T, close to
© SR mﬁ%?ag:mﬁ# """" those obtained when
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, only =,K,p are used
2 3 4 5 6 7 8
R (GeV/c)

 All particles are described rather well with this simultaneous fit
Unlocking the QCD phase diagram - Benjamin Ddnigus 21
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ALICE
‘§102 ‘ @ AUCE . Production of (anti-)
© 10 nuclei is follwing an
1 exponential, and
10~ decreases with
102 mass as expected
1073 from thermal model
104  |In Pb-Pb the
107 Q ,penalty factor” for
6 each additional
13_7 0-10% Pb-Pb, \'s,,, = 2.76 TeV baryon ~300 (for
B T R N N Y S N particles and anti-

-4 -3 -2 -1 0 1 2 3 4 particles)
A

ALICE Collaboration, arXiv:1710.07531, NPA 971, 1 (2018)

Unlocking the QCD phase diagram - Benjamin Donigus 22
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ALICE
5 102@ ‘ ALICE Preliminary * Production of (anti-)
S 10F - nuclei is follwing an
1k exponential, and
107'E decreases with
107 mass as expected
18_45 from thermal model
105k * In Pb-Pb the
106 Jpenalty factor” for
107 | each additional
102E ° PPb Vs =502TeV, NSD baryon ~300, in p-
oF a b s =2 20% .
e Pb ~600 and in pp
06 1 15 2 25 3 35 4 45 ~1000

m, (GeV/c?)

Unlocking the QCD phase diagram - Benjamin Donigus 23
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ALICE

60007 T IIIlIIl T T IIIIII] IIIIIIl T
+ — [#] Plchb Sy = 2.76 TeV (PRC 93 (2015) 024917)

Q. 0.006 - [JP-Pb, sy = 5.02 TeV (arXiv:1906.03136)

= — | |pp, {s =900 GeV, d/p (PRC 97 (2018) 024615)

O — [Elpp, \s =276 TeV, dip (PRC 97 (2018) 024615)  ALICE Preliminary
AN 0.005— [Klpp, Vs =7 TeV, d/p (PRC 97 (2018) 024615)

[@]pp, Vs =7 TeV (PLB 794 (2019) 50-63)

[m]Pb-Pb, |5, = 5.02 TeV

0004 pp, Vs =13 TeV et

0.003

0.002 Thermal-FIST CSM (PLB 785 (2018) 171-174)

-- T=155MeV, V., =3dV/dy
—T=155MeV, V., =dV/dy
—Coalescence (PLB 792 (2019) 132-137)

0.001

R

XK

A\

\

&

|

| —

ll|l|l||||||ll|lll||lll|||||||llll

Or‘_.——ml Lol ] Lo 1 Lol 1 1

i 10 102 10°
<chh / dnI b>|

d/p ratio rather well described by Coalescence and
(canonical) thermal model
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Ratios vs. multiplicity %

ALICE

ALICE Collaboration, Phys.Rev.C 107 (2023) 064904

x107°

x10°°

||||_ ﬁ

Ii_ - ALICEI K_:' 14: ThermaI—FIIST CSM, TCIh =155 MeVI
2 L o PoPoi <05 212k Ve=16dVidy -
; 4_— b-Pb:-1<y <0 - B i UrQMD Hybrid Coalescence
o F T | Pb-Pb 5.02 TeV
i ‘:\l 10_— ‘ -1
3 - X E
L 8_ -
[ [®]pp, f5=5Tev [
oL [0]pp, fs=7Tev 6:— -
i [©]pp, f5=13Tev B
i ﬂ [%]pp, {5 = 13 TeV, HM af b
1 [+]p-Pb, Y5y = 5.02 Tev ] i $
i (O] Po-Pb, {5y = 2.76 TeV ] o .
(=] Pb-Pb, 5y = 5.02 TeV | I o
0 Ll vl vl oL T B Ll
1 10 10 10° 1 10 10 10°
<chh/anab>|n‘ab|<0.5 <chh/dnlab>|11lab|<0.5

2t/ (p+

10°®
14i< T T IIIIIII IIII IIII
i Coalescence
12 —— Two-body ]
[ —— Three-body
10_— -
8_ -
6_ -
y| = ]
2_ -
G- |||| ||||| |||||
1 10 ? 10°
<chh/anab>\n‘ab\<0.5

 d/p ratio rather well described by coalescence and
(canonical) thermal model

« Some tension for 3He/p and 3H/p

Unlocking the QCD phase diagram - Benjamin Ddnigus

Models:

Coalescence: K.J. Sun, C.M. Ko, BD, PLB 792 (2019) 132
CSM: V.Vovchenko, BD, H. Stécker, PLB 785 (2018) 171

N
(&)

UrQMD Hybrid: T. Reichert, J. Steinheimer, V.VVovchenko, BD,

M. Bleicher, Phys. Rev. C 107 (2023) 1
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ALICE

o 50

- ALICE

~~

O]

T 45 e Pb-Pb\s, =5.02TeV 0-10%
v

Pb-Pb \s,, =2.76 TeV 0-10%
p-Pb \s,, = 5.02 TeV 0-100% (upper limit 90% CL)

I
40 Analytical coalescence CSM 155 MeV
p-p-n-n —— V. =dV/dy
35 === d-p-n — V. =1.6dV/dy
——, | o V = 3dV/dy
3
UrQMD hybrid coalescence
25

20
15

10

Phys. Lett. B 858 (2024) 138943

ALICE Collaboration,

IIII|III|IIII|IIII|III|lIIIIIIIl|IIlI|IlII|lIII

] IIIIIII| | IIIIIII|

02
<d Nch/d 7]Iab>|

10

“He/p ratio significantly better described by the thermal model
Unlocking the QCD phase diagram - Benjamin Ddnigus 26
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« Different model implementations describe the production probability,
including light nuclei and hyper-nuclei, rather well at a temperture of
about T, =156 MeV

Unlocking the QCD phase diagram - Benjamin Ddnigus

ALICE Collaboration, arXiv:1710.07531,

NPA 971, 1 (2018)
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Thermal model

 For the thermal model

description of é 12
production yields, feed- &
down is an important 3 |
ingredient § 0
 All light hadron 102k
production yields are 10°
populated strongly by 107
resonances 107
« Seems to not be the 126

case for (hyper-)nuclei

F T I+I T I T T T T I T T T T I T T T T I T T T Ij
[T —
Con . Pb-Pb \/s,,=2.76 TeV :
L .}E central collisions 4
: .. PA -
E ~"~',"..' —_ =
2 . 3
E ¢ el - E
- -, Q E
- b“ .
E J/ E
F =, ey :
3 ) E
- Data (lyl<0.5), ALICE . 1
E . .3 E
F e particles 2He 3H E
E = antiparticles a!.A E
é— Statistical Hadronization (T=156.5 MeV) A —E.
- total (+decays; +initial charm) He :
E E
= e primordial (thermal) T!
1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0.5 1 1.5 2 2.5 3 3.5 4

Mass (GeV)

A. Andronic et al., Phys.Lett.B 797 (2019) 134836

Unlocking the QCD phase diagram - Benjamin Ddnigus
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Thermal model

 For th.e ’Fhermal model s T ey j
deSC”pthn Of E central collisions ?
production yields, feed- & ;
down is an important § ;
iIngredient 2 y ]

 All light hadron : 1
production yields are 102 D e e 1, 1
pOpu|ated Strong|y by 10‘4? = antiparticles uA 3
resonances 10_5é— Statistical Hadronization (T=156.5 MeV) A —E.

10°® i— total (+decays; +initial charm) He;

« Seems to not be the s primordial (thermal) £ 3

. 10—7 oo by by by by by by
Mass (GeV)

A. Andronic et al., Phys.Lett.B 797 (2019) 134836
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Thermal model

 For the thermal model

description of é 12
production yields, feed- &
down is an important 3 |
ingredient § 0
 All light hadron 102k
production yields are 10°
populated strongly by 107
resonances 107
« Seems to not be the 126

case for (hyper-)nuclei

F T I+I T I T T T T I T T T T I T T T T I T T T Ij
[T —
Con . Pb-Pb \/s,,=2.76 TeV :
L .}E central collisions 4
g A E
3 " = E
X bren ]
- -, Q E
- b“ .
E J/ E
F =, ey :
3 ) E
- Data (lyl<0.5), ALICE . 1
E . .. 3 3
F e particles 2He 3H E
E = antiparticles a!.A E
é— Statistical Hadronization (T=156.5 MeV) A —E.
- total (+decays; +initial charm) He :
E E
= e primordial (thermal) T!
1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0.5 1 1.5 2 2.5 3 3.5 4

Mass (GeV)

A. Andronic et al., Phys.Lett.B 797 (2019) 134836
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BD, G. Ropke, D. Blaschke,
Phys. Rev. C 106 (2022) 044908

 For the thermal model

description of s 407 — =
production yields, feed- §35

down is an important ol | — % -
ingredient :

« All light hadron :
production yields are
populated strongly by

20f

15[

10f

reSO N a N CeS | ———e—— ALICE data, Pb-Pb |5, = 2.76 TeV, 0-10% central
55 Primordial yield, according to quantum state properties
* Seems to not be the S —————
] 0 | -
case for (hyper-)nuclei Protons Antiprotons

A. Andronic et al., Phys.Lett.B 797 (2019) 134836;
Nature 561 (2018) 7723, 321, Phys.Lett.B 697 (2011) 203;
Phys.Lett.B 792 (2019) 304
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Thermal model

BD, G. Roépke, D. Blaschke,
Phys. Rev. C 106 (2022) 044908

 For the thermal model

description of P —
production yields, feed- 3°F "
down is an important . e
ingredient 10°?
- All light hadron ° ~— .

production yields are 10°

HRG fit: T, = 156.6 MeV, Hg= 0.7 MeV, V=4175 fm’ (Phys.Lett.B 792 (2019) 304)
—e— ALICE data, Pb-Pb \s,, = 2.76 TeV, 0-10% central

populated strongly by = r0*E - prmedaryes ecoring o untmsmprmrics 4 & =
resonances s 4 + 1
« Seems to not be the 554 ...... R e + + ..... % .......... ;
case for (hyper-)nuclei 5% % = = W w

A. Andronic et al., Phys.Lett.B 797 (2019) 134836;
Nature 561 (2018) 7723, 321; Phys.Lett.B 697 (2011) 203;
Phys.Lett.B 792 (2019) 304
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Thermal model

* For the thermal model V. Vovchenko, BD, B. Kardan, M. Lorenz,
description of H. Stoecker, Phys.Lett.B 809 (2020) 135746

production yields, feed- 1o

down is an important
ingredient

 All light hadron
production yields are
populated strongly by
resonances

Feeddown fraction (%)

N
o

« Seems to not be the 1

case for (hyper-)nuclei s [GeV]
at LHC :
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BD, G. Ropke, D. Blaschke,
Phys. Rev. C 106 (2022) 044908

 For the thermal model
description of

production yields, feed- g‘w

down is an important "’m‘—— —

ingredient 0-1‘ - -
 All light hadron 008~

production yields are o6

populated strongly by R

resonances o e
« Seems to not be the e yeastor comton o e i

case for (hyper-)nuclei " Deuterons _ Antideuterons

A. Andronic et al., Phys.Lett.B 797 (2019) 134836;
Nature 561 (2018) 7723, 321, Phys.Lett.B 697 (2011) 203;
Phys.Lett.B 792 (2019) 304
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10°

dN/dy

©

-

(4]

9

5 0

o -

gl 05F

,(U\ 4 :_..........._.._................... ...... _:

*&5' o C 3
m -—.....'---.....'..---...'....---.'....-.--'-.....-.'-l-! ....... E....-----...'..-----=..-.---=-...-.-.----...-..---.-..'.-----..:..,—.-1-—;-:.....'.-:--.....' ........................ —-

ClE o e L T E g T e L

. S oo i B o e S S S I 0 T SO U SO Y = T B St S Suupnlt SRR RN U R

BI° o Eemiiimii il ee: i jHiT e

£ - 3

= SV, [ N SOV TN A SPK P (S SN SV RSN SSINS SO S-S NS VUSRS SRS SO SRS S S =

™ w K K Kg ¢ p P ©

'h

ermal

model

= Q d d °He’He iH iF ‘He ‘Fe

SRS

-

|

v

-

o

A S
L ele

: ALICE, 6-10% Pb-Pb, {5y = 2.76 TeV
- midrapidity . 5

o

.t A T T

| Model
{—— THERMUS 3.0
1=+« SHARE 3

Thermal-FIST (energy dep. BW)

T (Mev)

155+ 2
156 £ 3
155+ 2

V (fm?)

5825 + 411
4476 + 696
4962 + 363

4175 £+ 380

GNDF 1 BRiosy |
45519 o i o - o
27.6/19}
22119
17119}

GSlI-Heidelberg (S-Matrix)

157 £ 2

Energy-dependent Breit-Wigner works similar well

ALICE Collaboration, Eur.Phys.J.C 84 (2024) 813
Unlocking the QCD phase diagram - Benjamin Donigus

Contribution
for protons
from
resonances
best
described

by the

S-Matrix
approach

-connecting
to phase
shifts from
p-T
scattering
data
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Hypernuclel

Unlocking the QCD phase diagram - Benjamin Donigus
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Neutron stars and interactions

Hyperon puzzle in neutron stars < hyperons
make the EOS 2sgfter:

Pure neutron |
matter (PNM) 24

PNM

PSR J0348+0432

Works We” 20 ;'::::::::::::::::::::::::::::::::::: '::::::::::::::::::::::::::::::::::::::':
Known AN | AN + ANN (Il PSR J1614-2230

— 1.6}
Interaction = |

=

> way to soft = 12|
Including ANN o8

forces brings the 0_45_ vl wgss

mass slightly up | |
Only additional TN T T e s
ANN interaction works sufficiently R kml

AN + ANN (1)

D.Lonardoni, A Lovato, S.Gandolfi, F Pederiva, PRL 114 (2015) 092301
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* Hypernuclei are unique 25—
probes to study nuclear

structure 2F
« Single A-hypernuclei o o
are major source of Za T
gxtractlpg A-N =
Interaction — —- NSC97e
F - NSC97a+NNA
 Correct A-N and A-N-N o5 ---- NSCOTesNNA,
. . i — Nucleoni
interaction needed to L —— Nscona
understand structure of =TT T s
R [km)]

neutron stars

D. Logoteta et al., Astron. Astrophys. 646 (2021) A55
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Hypertriton

Bound state of A, p, n
m = 2.991 GeV/c? (B, =130 keV)

Unlocking the QCD phase diagram - Benjamin Ddnigus
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Bound state of A, p, n

m = 2.991 GeV/c2 (B, =130 keV)

@ 0.2f 730

= - N

= 0.15 -

g 0 —20

S N

~ 0.1 _

= —10

c 0.05 N

2 —

g 0_ — _‘0

£ . i

o - _

=-0.05 N

- - i

S —0.1_— -

c —-20
-0.15} 1
1 = N B N B U RPN B 7

0 10 20 30 40 50 60
r/fm

P. Braun-Munzinger, BD, Nucl. Phys. A 987 (2019) 144
Unlocking the QCD phase diagram - Benjamin Ddnigus

-
©

Potential depth/ M

40



GOETHE .
UNIERSITAT Hypertriton

Bound state of A, p, n
m = 2.991 GeV/c? (B, =130 keV)

@ 0.2 30 >
£ 4 =
= 0.15 don =
g ™ —20 §

5 1 8

~ 0.1 - 9

= 1 =

1 —10 =

= 0.05 1 &

S 1 B

= 41 a

e oF 0

5 : -

o - _

=-0.05H u

- - _

S —0.1_— -

& - 20
-0.15} 1
02 . .0 3

0 10 20 30 40 50 60
r/ fm

P. Braun-Munzinger, BD, Nucl. Phys. A 987 (2019) 144
Unlocking the QCD phase diagram - Benjamin Ddnigus
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Bound state of A, p, n
m = 2.991 GeV/c? (B, =130 keV)
- Radius of about 10.6 fm

3He Decay modes:

“H —° He + 7~
?\H—>3H+7TO

*H—od+p+7-

3
“H
! *H—-d+n+7"
+ anti-particles
- Anti-Hypertriton first observed by
@ STAR Collaboration:
prim. vtx. Science 328,58 (201 0)

Unlocking the QCD phase diagram - Benjamin Ddnigus



Enrties / (0.0016 GeV/c?)

GOETHE . .
ot Hypertriton signal

ALICE Collaboration, Phys.Lett.B 860 (2025) 139066

ALICE

60__l LIS N N L L L L L L B LI L AI_||C|E| T i G 102 I_I[IIIIII|]III|IIII|IIIIIIIIIIIIII|Illlllllu_l_llllllII|IIllllllllllIIlIIII|IIII|IIIIllllu_LIIIIIIII|IIII|IIII|Illllllllllllllllllllllu-_
- 1 S F ALIGE Pb-Pb, {5,,=5.02TeVE JH-°He+n BR.=025 ¥ -+ dx 10" He ]
- SH—oHe+ Pb—Pb 0-10%, \sy, = 5.02 TeV - 3 [ T T + i . : G
[ . ) \V} ] ~ - + € — . — Blast-Wave fi s
S0F and antimatter 30 pp<3.5GeVic - Q}_,Iofa L /‘ '\‘ <4 /‘fﬁ\"- L -
C S=111+14 ] g _ .X \ E
40 B(36) = 57 + 3 4 = / *\ ) ff/ + ) EE/ 3 7
= S/B(30) = 18402 1 % 0-10% 1 10-30% 1 '\ 30-50%
30k Significance(30) =8.0+0.7 ] 8 10"‘{ mﬁﬁ - \ —:E— AV —:f . E
{ Signal + Background 4 = ¥ mﬁb“*ﬁj o \ ¥ \ .
] I I AV ]
~~~~~~~ Background T . :
20: . 107 \\ —::—%f K| \ . = E
B : ] / R A L N
10} B ¢ i e i AN KXy ;\ 1 x=y .'\ ]
- * ﬁ 10 —/ ﬁ -+ ' /
_I 111 | | | | I I | | 111 | *’ I +| 1 I‘I E \ EE/ ljﬁ \ \ :
2.96 2.97 2.98 2.99 3 3.01 3. 02 3.03 3.04 1 \ \- \
2 : \ N
M(°He + ) (GeVic?) f \ .
10—7 IIII|IIII| III|IIII|IIII|IIII|IIII|IIII|II\F\I\|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III|IIIl.|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III‘I|lIII|
12 3 456 7 89 123456789 123425867 8 9
P, (GeVl/c) P; (GeVl/c) P, (GeVi/c)

« Clear signal reconstructed by decay products

« Spectra can also be described by Blast-Wave model
—> Hypertriton flows as all other particles

Unlocking the QCD phase diagram - Benjamin Ddnigus 43
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sl Hypertriton in pp & p-Pb
* Hypertriton signal extracted in pp and p-Pb collisions ALICE

« Stronger separation between models as for other particle
ratios, mainly due to the size of the hypertriton

|
N

Eso;f ||||‘AI1ICE|‘|? «§22?'|""|"|”|""|'*A'\LIC'['EJ|""|“" i
2 0 *H 5%He +m +c.c. 1 22F °H »%He +m +c.c. E
@25__ pp, Vs =13 TeV ] 8‘/18:— pp Vs =13 TeV -
é C HM sample ] %16; MB sample é
Ego_— »2/NDF = 0.48 - 514:— ¥2/NDF = 0.46 E
- ] iH+%ﬁ . C [} iH+%ﬁ E
15__ — Signal + Background ] 120 — Signal + Background B

Y B - Background ] 10 ] e Background _;

10~ 1 ° E

I

%LW%}HZ'?%HMMHLM{MMMM ‘L ‘E 21 ‘ l T S LL NN l.Hll \[.1[

0 0
296 2.97 298 2.99 3 3.01 3.02 303 3.04 3.05 306  2.96 2.97 2.98 299 3 3.01 3.02 3.03 3.04 3.05 3.06
MCHe + 1) (GeV/cd) MCHe + 1) (GeV/cd)

ALICE Collaboration, arXiV:2604.07949
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sl Hypertriton in pp & p-Pb
* Hypertriton signal extracted in pp and p-Pb collisions ALICE

« Stronger separation between models as for other particle
ratios, mainly due to the size of the hypertriton

gSO?m'HI'Hllm“IIXM(;,I;I'IHH'HI? % iALICEp—Pb,O—40°/l,\{s_W=5.02TeV |
g - iH S3He + 1 + oo, . ™ <1O_5 | = | ALICE Preliminary pp, HM trigger,is = 13 TeV B
0 25 op. V5 = 13 TV . E [ ¢ | ALICE Pb-Pb, 0-10%, |[s\, = 2.76 TeV E
g _ HM sample i - BR=02e 002 """""""""""""""""""""""
£ 20+ ¥2/NDF = 0.48 ]
S R : *
15 B — Signal + Background | i
L e Background -
- i 10° - =
10— — r = 3-body coalescence
B A i = 2-body coalescence |
5l WL _] —SHM, Ve =dV/dy
M q/ &L H l M u l JE - SHM, Ve = 3dV/dy |
o oL B L R P i R 0 DT
296 297 298 299 3 3.01 3.02 3.303 3.04 3.05 32.06 dN /d >
M(CHe + 1) (GeV/cd) ( o/ A 05
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* Hypertriton signal extracted in pp and p-Pb collisions ALICE

« Stronger separation between models as for other particle
ratios, mainly due to the size of the hypertriton

s <

— 30—F T | TTTT | FTTT | TTTT | TTTT ‘ FTTT | TTTT | FTTT ‘ TTTT | T T )(1 O_
(1) L | < T | T T I 1T I T T [ T 1T 1T | 1] O)
> | ALICE 29 e }
= [ °H —°He + 1 +c.c. 1 ©< oL " p-Pb|5y=502Tev 19
< B0 pp, s =13 TeV B - ® pp.is=13TeV 18
N HM | - 1.8 — csm: T, = 155 MeV, V, = 1dV/dy 7 ©
@ L sample ] . 1
2 L ) i 1.6/ [_]cM: 3-body 4
i L _ _ N |:|CM:2-body ] 2
B E ?\H +%H i 14— RN
C ] - 1 ®
L — Signal + Background | 1.2 -4 .
15[ . x s
e Background - 1= =48
- - - 18
- ] 0.8 1 <
10_ ] i . _8
B v ] 0.6 =
B _ B =
5 — 0.4 Q
ﬂ, % ! l u l E 0.2 Ly
0 ||l|m|\|l| \fl-l.]-;.l- |||JHL|HLH@I;lilu_.lgglwlllu 0_ ool b b b by 1_ 9
2.96 297 298 299 3 3.01 3.02 303 3.04 305 306 5 10 15 20 25 30 35 -
M( He +n) (GeV/c ) <chh/dn>\,,|<as <
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 Hypertriton signal extracted in pp and p-Pb collisions ALICE

« Stronger separation between models as for other particle
ratios, mainly due to the size of the hypertriton

-6

o
S 22;]9 I T T I 1T I T T [ T 1T 1T | 1] O)
. o a -ﬁ-ufpb VS = 5.02 TeV g g
 |f one uses the analytical 1:. Tl Ep:
form of the coalescence oy e 1R
. : ot e B
model (using Gaussian wave ,,; [1ow2e iR

. 3 : :
functions for d and ,H) t2f 1 e
one can perform a fit to 3 ER=
determine the size i 2 S
St - ©
0.4 S
9 <r2dA> — (9.54 i 2.67) fm 02:_ IIIIIIIIX‘ L 111 ‘ L1 1| I I | | L] E.l)
=5 10 15 20 25 30 35 ]
<chh/dn>\r]|<0.5 (
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« Large suppression expected for A
= 4 hypernuclei by the SHM wrt A =
3

A =4 hypernuclei are more
bound and each has an excited
state

Phys. Rev. Lett. 115, 222501 (2015)

* The yields of these hypernuclei are
enhanced with respect to the ground
state due to the feed-down from
excited states

* Also the yields of the SHM scale
with the spin-degeneracy

» Resulting in a total enhancement
of a factor 4 for both hypernuclei

BD, EPJ Web Conf. 276 (2023) 04002

Unlocking the QCD phase diagram - Benjamin Ddnigus

SH + A

A = 4 hypernuclel

0

ALICE

SHe + A

1.067+0.08

1* ---
\ 1.09+0.02
0+ ---

2.157+0.077

AH

1+ 0.984:0.05

1.406+0.003

+

i 0.233+0.092
2.39+0.05

\

1
AHe
y

BA (MeV)

M. Schéfer, N. Barnea, A. Gal, Phys.Rev.C 106, L031001 (2022)
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GOETHE :
ozt A =4 hypernuclel

o ALICE
* For the first time, we are able

to reconstruct A= 4 ALICE Collaboration, PRL 134 (2025) 162301

(anti)hypernuclei 18F T T T T

at the LHC and determine _16F 0-10% Pb-PD (5, = 5.02 TeV/

their production yield 2 1 Pt 3

O 4ol local p-value: 2.51 x 107"° -

(3 - Significance: 6.2 _E

- First observation § E

of the (anti)hyperhydrogen- < : :

4 2 F E

in Run 2 Pb-Pb collisions at 3 | Jr\ E

5.02 TeV T L
3.89 39 391 3 92 3.93 3 94 3 95 3.96 3.97

M., .. (GeV/ic?)

« Reaching a significance of
6.20
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- ALICE
* For the first time, we are able
to reconstruct A = 4 ALICE Collaboration, PRL 134 (2025) 162301
(anti)hypernuclei xPaaa T T T T e
. % 10F =
at the LHC and determine S 0-10% Pb-Pb {5y = 5.02 TeV -
their production yield & aL MHT) e -
N I local p'-value: 4.26 x 10° i
. ] 8 6_— Significance: 4.5¢ ]
* First observation = -
of the antihyperhydrogen-4 ~ - -
in Run 2 Pb-Pb collisionsat £ [ ]
5.02 TeV S 21 s 8 l*l 5
; - a
O_—..ri.... ....... .'-.Ll.l.l......liul—
_ o 389 39 391 392 393 394 395 3.96 3.97
 Reaching a significance of M., . (GeV/c?)
4.50
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ALICE
For the first time, we are able

to reconstruct A=4 ALICE Collaboration, PRL 134 (2025) 162301
(anti)hypernuclei
at the LHC and determine

their production yield

ALICE

0-10% Pb—-Pb \IST\IN =5.02 TeV
%% — He+p+n

y|<0.5

local p-value: 2.73 x 10™

Significance: 3.5¢

First observation
of the antihyperhelium-4
iIn Run 2 Pb-Pb collisions at

|IIII|IIII|I]II|1|II|II

—

Counts / (0.0036 GeV/c?)
N w e (6] o ~ (0]

|I|II||I|I|I||I|IIII||III|IIIIIIIIIIII

1 'R AT FT R

5.02 TeV | \ |
1: ‘ | ‘\ [ e —e— [ —— —4

R hi ignifi f 30z;9' 30 'é9'11' 395" 'éléérlﬁéél éggL'ééé 3.07
eacning a signiricance o - : : - : : : - :
3 50‘ g g M3He+p+11: (GeV/CZ)
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ALICE
First measurement of the
g)?rggbhc){%?\r@?gllérgﬂHC ALICE Collaboration, PRL 134 (2025) 162301
x10°
Testing the dependenceof = |~ " [t
the yields of the SHM with 3 20| A58 T (rcluaing sxted saes) |
yie = 0-10% Pb—Pb s = 5.02 TeV S e e
the spin-degeneracy V1<05 (ground State only)
Our yields confirm the or 196 [T 4pga T g2 ‘-
" " - A 4 i
hypothesis of excited 0.7 I ﬁ 4]
states for both ool | A
(anti)hypernuclei within 20 04} |22 | 2.30
currently dominated by i
statistical uncertainties I |
with more data, a high T P A B N AT R A
precision measurement 3.9215 3.922 3.9225 3923 3.922 39225  3.923

will be feasible M (GeV/c?)

(like for the A hyperon)
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3
A4
\

s, 102
© — Pb-Pb |s,,=2.76 TeV N_, =350 o
S 0 PO \Sur2 78 Expl_ore QCD and QCD
— T=164 MeV
§1o-11 - T=184 MeV mspl.req model
b An _ predictions for (unusual)
10° B A multi-baryon states
10 3 G
e AH * Search for rarely
109 — - produced anti- and
107 4
o " AH hyper-matter
110'9 i * Test model predictions,
010 A

o - e.g. thermal and
A. Andronic, private communication, model

described in A. Andronic et al., PLB 697, 203 coalescence
(2011) and references therein
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ALICE@LHC is well suited to study light (anti-)(hyper-) nuclei
and perform searches for exotic bound states (A<5)

Copious production of loosely bound objects measured as
predicted by the thermal model

Ratios vs. multiplicity trend descrlbed by both models

- main tension: A|pha, 4H §1o2 oALICEdata . STAR data
o - H H od, d
3 10= o 3 a—
;4\He VS. ta Hea /\H ;eee‘ ‘ -o-AA:e EF4|:|ee,, :'Il-lie

- more compact objects
clearly favour thermal model

10*

New and more precise data -
to be expected in the next ,.] /™
years - Run 3 of the LHC ~ ©'f ' %
just finished BN A

BD, Eur. Phys. J 56 (2020) 258
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 \We have a fruitful collaboration for more
than 20 years
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than 20 years
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Trigger

4 VO Detector e
| Charge
voa | vee High Multiplicity
I — el exceeds sample
U — /] LU ~1.3x 10 events
r

threshold: <dN,/dn> )z 31
1 -7
e . : ) Expected yield '=2 x 10
At least one hit in VOA AND VOC: MB trigger \HM trigge Reconstructable’,H=40
down no
- down
scaling :
scaling
v v
4 Minimum Bjas Sample N Transition Radiation Detector uclei-enriched sample
= 15/\;( 1/(()1 evegts Trigger unit inspects = 9.8 x 10 °MB events ~54%x 10 events
< ch [7> =
Expected yield' = 1x 108 Charge deposit of at least trfg;?ﬁggéﬂtcy
= Reconstructable " \H = 2 one TRD track exceeds threshold: 3
. = Reconstructable ,H=2(
\_ AR\ HNU trigger

1) Predictions from coalescence model: K.-J. Sun, C.-M. Ko, B. Dénigus, Phys. Lett. B. 792 (2019) 132
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(0)
o

W
(@)
T rr o r ]

ALICE Performance .
| 0-30%Pb-Pb sy =536 TeV.
A %H_e — "He+ p+ =
lv|<0.5

Finally, in Run 3 data
a 6.3c significance is
reached

Significance: 6.3c

More to come from
the new data
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corrir {4 Phase diagram: HADES

UNIVERSITAT
O YWANKFURT AM MAIN
T[GeV] S 180
Au-Au 1.0 A GeV 3 %«f«ww
A P = 1603 - = E/N=1.08GeV
Ae K/PI s E
ke — 120[—
_ —— 50 .65x107° = "o
0. 08 d/p=.43 . 120 ﬁg\
—_ 394 3.6x10 ool JL S,
B {
i d/p=.30 | ] sog v HADES 0-10% x?/ndof = 16;44\& .
' %
& put 40f !
oc.o6&- K'/nt O\ — - - »
K'/R — 20f ‘.
// :||||I||||I||||I||||I||||I||||||||||||||||||||\
-~ 100 200 300 400 500 600 700 800 900
L ' ~. - ug [MeV]
0.04 " -
n/p
HglGeV]
| L | 1 | 1 |
.6 0.8 1.0 1.2
J. Cleymans, H. Oeschler, K. Redlich, Phys.Rev. C59 (1999))
- Freeze-out points previously estimated based
on ratios of p, d, K*, m*
— Light nuclei are not included in Thermus V2.3 M. Lorenz 2019
Switch to Thermus V3.0 or Thermal-Fis //gjith Al Thermal-FIST. .. .
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coerie {4 Phase diagram: HADES
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cunsian Phase diagram: Mott o

* If one maps the energy
dependence onto a ug-T
plane one gets
experimental access to the
QCD phase diagram

« Using parametrizations of
the thermal model fits one
can
get an approximation of the
freeze-out curves

e Particular models can even
describe their shape, e.g.
Mott curves
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D. Blaschke, S. Liebing, G. R6pke, BD,
Phys. Lett. B 860 (2025) 139206
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ot E864 nuclei result
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GOETHE _
ovessat | gttice QCD results

170 Lattice QCD
- T,(0) [MeV] . tells us where
_ X ™
165 | OX o - to expect the
| t - .1 phase
. 0 -
160 | : % cy -]  transition
| I ; % : O% o
155 | i (156.5 + 1.5) MeV m | Critical energy density:
- ec =0.34 £ 0.16 GeV/fm?
| 1/N? i
150 4/ 4/ 4/ 4/ 4/ Critical temperature
SREREN N N Tc = (156.5 + 1.5) MeV

A. Bazavov et al. (hotQCD) PLB 795 (2019) 15
Similar results: S. Borsanyi et al. (Budapest-Wuppertal group) PRL 125 (2020) 052001
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censin o Hypertriton spectra

ALICE

T 2 .
® < C L S ALICE Prelimina
|f| 180 ALICE Preliminary > . v
o< .o Q] 107 -
C = - Pb-Pb Vs =5.02 TeV
16 Pb-Pb s, =502TeV £ F N
C o B o, i
14 10-40% centrality x - 10-40% centrality
- 3 F %%
- o <
12: | \ g — ," g%
| S % . ,’/ + *H> *He + N
C , ’ =310 = -
08— z [ ——Fit
C - :," [ ]
06— - + %ﬁ - *He + n* : {
0.4 ;_ :iH - 3He + T j_ ———-Fit
0.2 . *H— °He + n*
[ Uncertainties: stat. (bars), sys. (boxes) ! 107 — Uncertainties: stat. (bars), sys. (boxes) .
O_Illl|llll|IIII|IIII|Illllllllllllll"'||||||| _|1111|1[1||1|1|1111|1|1||||111|1||||I‘|1||111|
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
P, (GeV/c) pT (GeV/c)

 Anti-hypertriton/Hypertriton ratio consistent with unity vs. p;
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GOETHE . . %
sl Hypertriton in pp & p-Pb
* Hypertriton signal extracted in pp and p-Pb collisions ALICE

« Stronger separation between models as for other particle
ratios, mainly due to the size of the hypertriton
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cursinn Hypertriton: small systems

« Strong suppression
In small systems
due to large size of
the object
compared to the
system size

 Coalescence
model favoured
over canonical
statistical model
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Hypertriton size
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