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DEUTERON p.SPECTRA

» Spectra become harder with increasing

multiplicity in Pb-Pb and show clear radial

flow

» The Blast-Wave fits describe the data well in

p_

Pb and Pb-Pb

» pp and p-Pb spectrum show no sign of radial

flow
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3-HELIUM ALICE
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> First ever measurements of (anti-)t and (anti-)3He nuclei in pp collisions p; (GeV/c)
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ANTI-NUCLEI PRODUCTION

» Anti-nuclei / nuclei ratios are consistent with unity
(similar to other light flavour species)

» Ratios exhibit constant behavior as a function of p;
and centrality

» Ratios are compatible with unity, in agreement with
the coalescence and thermal model expectations

» Also in pp multiplicity intervals, anti-deuterons and
deuterons are produced equally

T ALICE Preliminary
i T 1 PP, \s=7TeV
VOM Multiplicity Classes
1.5F 1 [e]+n
% [elm
T IV+V
[e]VI+Vil
0.5¢ T 1 [EIVIIX+X
Il Il Il Il Il Il | ] 1 | | ]
T T T T T T T T T T T T
2_ - -4
1.5F + o
S !
-4 b=ld - Feld el F -3 = = = ] Lodolhl R .
A
0.5F + +

1 1 1 il 1 1 1 1 1 1 1 1 1 1 1 1 1 1
05 1 15 2 25 305 1 15 2 25 3 05 1 15 2 25 3
p; (GeV/ce)

He/®He

He/°He

He/®He

ALICE-PUBLIC-2017-006

1.5

=1

0.5

1.5

i,

||||||||I|IIIK|IIIIIIIII]VT’T

0.5

1.5

=

0.5

ALICE P

L N B I |
I I

reliminary Pb-Pb |'s,, = 5.02 TeV

2nd EMMI Workshop: Anti-matter, hyper-matter and exotica production at LHC | 06-11-2017 | Stefano Piano 20



dN/dy
CR)

10

107"
1072
107°
107
107°
107°
1077
107°

ALICE Collaboration, arXiv:1710.07531

ALICE

> 5 .
g 10 ALICE Preliminary
©

/|

0-10% Pb-Pb, |'s,,, = 2.76 TeV 108 © p-Pb, \'s,, =5.02 TeV, NSD

10°° o Pb-Pb, \'s,, = 2.76 TeV, 0-20% central

4

' ' T Lo, Lons Lo, Lo, Lo, Lo, Lo,
3 2 -1 0 1 2 3 4 10°%95 1 15 2 25 3 35 4 45
A m, (GeV/c?)



A Large lon Collider Experiment

d®N/dp_dy x B.R. (GeV/c)"

(ANTI-)HYPERTRITON YIELDS ALICE
T 2
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Phys. Lett. B 754 (2016) 360-372 p(GeV/c) Phys. Lett. B 754 (2016) 360-372 p. (GeV/ C)
dN/dy x B.R. (3,H — 3He ) yield extracted Anti-hypermatter / Hypermatter Ratio: R = 3
in three p; bins for central (0-10%) events STATISTICAL-THERMAL MODEL: R=0.95

3— 3 (Cleymans et al, PRC84(2011) 054916)
for tH and ;H separately

COALESCENCE MODEL: p/p ~ A/A ~ 1
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THERMAL MODEL FITS

3 3
+ LK * = =t Q10" H+ %A
% K EK K2 ER' 0 p%p' A _-5_ Q;Q d A ;A He ‘He °‘Fe
04 o 0 0 0

s 1 ' ] ' ' ' ' ' i ]
B 10° [ i i i ; : ’ : : _
> ; ; ; ; ; ; ALICE, 0-10% Pb-Pb, Sy =i2.76 TeV ]
© r Thaasiihe agll i d ] d i ; ) ; ; ; =
10 L R e || i ; ' i : g : |
i i e S i i i i T
I : ? : e VA : E i -
107 |- : ! : o -
| GNotinfit i i ; i é é _
103 9| Extrapolated ! ] : : : : : 1
| Model T (MeV) () X?/NDF | D ol | B
o5 [ |THERMUS 23 15542 5924543 24811 || {BR=25% | B
|k GSI-Heidelberg 156 +2  5330+505  19.6/11 |i i ' i i 1
107 =+ 1 SHARE 3 156+3 4476696  15.1/11 |; P "'_'

(mod.-data)/c,,,. (mod.-data)/mod.

®

ALICE

THERMUS: S. Wheaton, et al., CPC 180,
84 (2009)

SHARE3: G. Torrieri, et al., CPC 167,
229 (2005); CPC 175, 635 (2006); CPC
185, 2056 (2014)

ALICE Collaboration, arXiv:1710.07531

Different models describe particle yields including light (hyper-)nuclei well with T, of about 156 MeV

Including nuclei in the fit causes no significant change in T,
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Hypertriton lifetime (ps)

A

Large lon Collider Experiment

500

400

300

200¢

100

HYPERTRITON LIFETIME DETERMINATION

Direct decay time measurement is difficult (~ps), but the

excellent determination of primary and decay vertex allows

measurement of lifetime via:

N(t) =

t
N(0) e ®

where t = L/(Byc) and Byc = p/m with m the hypertriton

mass, p the total momentum and L the decay length

R. E. Phillips and J. Schneps
PR 180 (1969) 1307
G. Keyes et al.
PRD 1 (1970) 66
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—— %H World Average

STAR Collaboration ALICE Collaboration
Science PLB 754 (2016)360
328(2010)58 oy pyy 5 76 TeV

r G. Bohm et al.
NPB 16 (1970) 46
R. J. Prem and P. H. Steinberg
PR 136 (1964) B1803

G. Keyes et al.
NPB 67(1973)269

|
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New preliminary results at Vs, = 5.02 TeV
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= (237f§2(stat.) + 17(syst. )) ps

» Previous heavy-ion experiment results show a trend well below the free A lifetime

25

> ALICE prellmmary result from Pb-Pb at 5.02 TeV is closer to the free A lifetime



-t
o
[e2]

Number of Entries
2 3

—
o
w

—
o
N

= ALICE Performance
A, Pb-Pb at \ /s, =2.76 TeV
F 12/05/2011
A A: PDG ct = 7.89 cm
. *\** Aay s 05 %, ct=8.00+0.07
1\'** \‘\K
3 \,&* “4\4‘ 1 = 60-80 %, ct = 8.18 % 0.06
Sk =T
Sejke &*f I
* i \ U

N

TR
L ‘# *\\’1{"1’
:IIII|IIII|IIII|IIII|IIII|IIIII\\IIII|IIIIIIIIIIIIII
0O 10 20 30 40 50 60 70 80 90 100

L% (cm)

Significance (3c) = 8.42

RS 450 - ALICE Preliminary
> - e Data
2 Pb-Pb |5,y = 5.02 TeV
0400 T 0-90%, |y| < 0.8
- [ NP
— r & Sidebands -
;350__ iH—)SHe+n
T C SHS *He + ot
CI>J - A
300

111

200

150

100

50

7 2.975 2.98 2.985 2.99 2995 3 3.005 3.01 3.015 3.02
Mo o+ Moy . (GeV/c?)
s e,

No
O



Jinhui Chen

R  H-dibaryon Invariant Mass Distributions

o
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R NQ-dibaryon from Heavy-lon Collisions

M NQ-dibaryon is an isospin 1/2 doublet and has both pQ and nQ channels

possible
Phys. Lett. B 754 (2016) 6
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[ In experiments, we can look at pQ channel with two particle correlation

analysis or invariant mass analysis (the J=2, S=-3 state weak decay is challenging)

— Invariant mass
« Significant combinatorial background
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V- Phys. Rev. C 94, 031901 (2016)



Goals of the HypHI phase 0 experiment

The phase 0 experiment:

Hypernuclear spectroscopy from °Li+'>C @ 2 A GeV

[ C. Rappold et al., Nucl. Phys. A. 913, 170 (2013) ]
Evidence of A, 3H et /\H & Llfet|me measurements
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» Theory: 3H [H. Kamada et al. PRC 57 1595 (1998)]: 256 ps
> Theory: j‘\H [T. Motoba et al. NPA 534 597 (1991)]: 233 or 244 ps

= 3920.8 MleV/c?

Christophe Rappold

Phase 0.5

Fixed target, Reaction : 2°Ne+12C @ 2 AGeV or /syy = 2.7 GeV

Second HypHI experiment :

?\H — 3He+7r_

%2/ ndf 5.0,

175.6, L0883

Ll Ll L
022 024 026 028 03 032 034 036 038 04 042
Decay Time [ns]

New perspective: ML for hypernuclear discrimination

Applying ML discrimination for /\H lifetime :
> Statistical error: 198 733 ps
» published HypHI lifetime : 7 = 183+42 + 37 ps
» World average of 2015 : 196714 ps



Recent results from

HADES

Manuel Lorenz

Heavy-ion collisions a /sy=2.4 GeV

Long interpenetration times
Baryon stopping in the collision zone

- Baryon dominated system
- Similar region in the phase diagram as
neutron star merger




(Sub-Threshold) Strangeness Production: the Complete Picture

- Strange particle yields rise stronger
than linear with <A__.> (M ~ <AIoa > @)

—
<
w

part rt

- Universal <A_,,> dependence of

part

strangeness production

- Hierarchy in production threshold
not reflected

NSNYK*  Jsyn= 2.55 GeV
NN>NNK*K- sy = 2.86 GeV

Mult / <A >

Heat bath
H. Schuldes, T. Scheib




Hypertrition search in Ar+KC| 2.6 GeV

Counts/ (12 MeV/c?)

Counts / (1 MeV/c?)

1 I Ll I Ll I Ll I Ll 1 I Ll l L1 l Ll l L L1l l 1
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[MeV/c?

He+n

Upper limit: Future plans:
Investigate Au+Au data at 2.4 GeV

Myr = 1.04 x 1073 (lower energy but heavier system)
and 3 body decay channel

FUCTN < (2.5 +0.3) x 10~

Eur.Phys.J. A49 (2013) 146




Ambiguities in description, potential extraction
misleading at the moment.

No indication for sequential K*K- freeze-out when
correcting for ¢ feed-down.

Universal <A, > dependence of strange hadrons.

Macroscopic description and Freeze-out Parameter
Tkin=6




July 2017 update: excellent description of
ALICE@LHC data

5 10° & _2: .. Pb-Pb |s,,=2.76 TeV, 0-10% centrality ;
% 2§ K*K K :
S .  FLL
= 105— e == 3
iy C — Q’§+ 3
fit includes loosely bound systems such a 3 P E
deuteron and hypertriton L d d ]
. . 1077k - .
hypertriton is bound-state of (A,p,n), A g E
separation energy about 130 keV 102 E
size about 10 fm, the ultimate halo j02L  © Data ALICE HodHg, o ]
Bruoilljcl:lesé at T=156.5 MeV. close to an 1042‘ T istesliadoniation TT:'"H'{' a
Efimov state 1050 ]
: 4., He ]
10 .'%f.s_eg

proton discrepancy 2.8 sigma =
3 15F } l l-
i di ? I ]
Xi discrepancy” % IEY. l’ #—fh}**{'{{, EEUE
®© I é ]
Andronic, pbm, Redlich, Stache © 5k * _'

arXiv :1710.09425 e r KK KKo pP ARXEE 0T d T °HeTe 3H 3H *He'fle
J. Stachel, A. Andronic,|P. Braun-Munzinget and K. Redlich, Confronting LHC
data with the statistical hadronization model, J.Phys.Conf.Ser.509 (2014) 012019,
arXiv:1311.4662 [nucl-th].




energy dependence of hadron production described

quantitatively
2 10k e p/n* 3
o mp/n :
> b
>, 10 3 ~ 5 3
energy dependence of 3, .[ g :
© F W E
dlp ratlo quantltatlvely /E : ........... A‘A ----------- E
described, no new : " Points: Data
parameters 1w0¢E ¥ 1 Lines: Statistical Hadronization ]
9 C ° K+/7I+
g 0.25; a K/
T 0 23 & AT
2 02
sotsp MF o Lt-w @ 'R
< : ]
T 0.1f .
0,05E G B B
o C | L1
10°
| Snn (GeV)

together with known energy dependence of charged hadron production in Pb-Pb collisions
we can predict yield of all hadrons at all energies with < 10% accuracy

no new physics needed to describe K+/pi+ ratio
iIncluding the 'horn’



Systematic uncertainties in
statistical hadronization model

in general, not easy to estimate

from analysis of uncertainties in mass spectrum, and in branching ratios,
and considering the Boltzmann suppression, we get:

AT <5MeVatu=0and T = 156 MeV

The Hypertriton

is coalescence approach an alternative?



coalescence approach, general considerations for loosely
bound states

« production yields of loosely bound states is entirely determined by mass, quantum
numbers and fireball temperature.

* hyper-triton and 3He have very different wave functions but essentially equal
production yields.

e energy conservation needs to be taken into account when forming objects with
baryon number A from A baryons.

 delicate balance between formation and destruction; maximum momentum
transfer onto hyper-triton before it breaks up: A Q__ < 20 MeV/c, typical pion

momentum p_pi = 250 MeV/c, typical hadronic momentum tranfer > 100 MeV/c

* hyper-triton interaction cross section with pions or nucleons at thermal freeze-out
is of order o > 70 fm?. For the majority of hyper-tritons to survive, the mfp A has to
exceed 15 fm — density of fireball at formation of hyper-triton
n< 1/(A o) = 0.001/fm°. Completely inconsistent with formation at kinetic freeze-
out, where n = 0.05



Quark Model
Spectroscopy

hypothesis:
all nuclei and hyper-nuclei are formed as compact multi-
quark states at the phase boundary. Then slow time
evolution into hadronic respresentation.

Andronic, pbm, Redlich, Stachel, arXiv :1710.09425

How can this be tested?
precision measurement of spectra and flow pattern for light

nuclei and hyper-nuclei

a major new opportunity for ALICE Run3
and for CBM/NICA/JPARC/NAG61



The Big Bang

louri Vassiliev

Extreme IR conditions

Physics case: Exploring the QCD phase diagram

The equation-of-state at high p,

» collective flow of hadrons

» particle production at threshold energies:
open charm, multi-strange hyperons, HN

Quarks and Gluons

Deconfinement phase transition at high p,
* excitation function and flow of strangeness
(K, A, 2, B, Q) and

charm (J/y, ', D, D, D%, A )

Color Super-
conductor?

QCD critical endpoint

 excitation function of event-by-event
Projects to explore the QCD phase  fluctuations (K/m, ... &/, Q/ m)

diagram at large p;:

The CBM Physics RHIC energy-scan, NA61@5SPS, Onset of chiral symmetry restoration at high
Book MPD@NICA: bulk observables 0
B

i hRell i bl s e ElenEiiEld 5 » in-medium modifications of hadrons (p,w,$)

high statistic! * excitation function of multi-strange
(anti)hyperons (PHSD 4.0) 23

Nuclei Net Baryon Density




Volodymyr Vovchenko
Recent thermal model developments

connection of (anti-)nuclei to critical observables

Summary

Proper modeling of hadronic interactions crucially important for thermal
model applications

Thermal model works very well for light nuclei yields. Only in ideal HRG,
however, it does point to a unique freeze-out temperature.

The van der Waals type interactions between baryons in HRG change
qualitative behavior of fluctuations of conserved charges in the crossover
region

LQCD data at both, ;# = 0 and imaginary u, points to overall repulsive
baryonic interactions in the crossover region, with an average “eigenvolume”
parameter b ~ 1 fm?>

Imaginary ug LQCD data show no evidence for existence of light nuclei at
T ~ 150 MeV. Partial pressure in |B| = 2 sector is dominated by repulsive
baryonic interactions.



Five-body structure of heavy

oentaquark system
Emiko Hiyama (Kyushu Univ./RIKEN)

" Motivated by the observed Pc(4380) and Pc(4450) systems at LHCb,
we calculated energy spectra of gqgcc system using non-relativistic constituent quark

model. To obtain resonant states, we also use real scaling method.

" Currently, we find no sharp resonant states (penta-quark like)

with L=0,5=1/2 (J*=1/2") and L=0, S=3/2(J"=3/2") at observed energy region.
However, we have one resonant state at 4690 MeV for J™=1/2"

and at 4890 MeV for J™=3/2-. This can be penta-quark state.

From our calculation, we would suggest that the resonant states observed
at LHCb are meson-baryon resonant states which we cannot calculate in our model.

If it is possible to produce the penta-quark system at Alice, | would like to ask you
what kinds of pentaquark system they can produce.



Thank you to all speakers for very interesting
presentations

Thank you to all participants for very interesting
discussions



