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From Chemisty to Physics

« Chemical elemente grupped in periodic
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From Chemisty to Physics
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Chemical elements
and chemical
properties are
defined by the
charge number, i.e.
the number of
protons

Number of protons
and neutrones
define (nuclear)
physical properties,
such as stabilty or
type of decay



From Chemisty to Physics

Proton (p)
m=938.3 MeV/c?

Deuteron (pn)
m=1875.6 MeV/c?

Triton (pnn)
m=2808.9 MeV/c?

Helium (ppn)
m=2808.4 MeV/c?

Alpha (ppnn)
m=3727.4 MeV/c?

Proton
o P ’

Helium

1 GeV/c2=1.73 x 1027 kg
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Deuteron ‘

N
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Alpha 5



From Chemisty to Physics

‘P roton
p A . ’

Deuteron ‘
“
”
_ Triton
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From Chemisty to Physics

Anti-Proton Proton
. P '
Anti-Deuteron

Deuteron

“ n
Anti-Helium Helium

,Quantum mirror*;
Quantum numbers change
) sign
Anti-Alpha (charge, spin, .. Alpha

Physics Colloquium Mainz - Benjamin Ddnigus 7




Z00 of hadrons
Baryons u-quark  gluon

Proton (p) = uud
‘ Neutron (n) - udd
Lambda (A) = uds

Mesons
o n-Meson = du
K-Meson = us

« Hadrons are consisting of quarks, anti-quarks und gluons

« Strangeness as new quark flavour not part of every-day matter,
but is created for instance in high-energy particle collisions

« Theoretical description of hadrons through quantum chromo
dynamics (QCD)
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* Nuclei are accelerated to high energies, i.e. speeds close to the
speed of light, and are the collided

» This leads to the creation of (new) particles that can be detected in
the experiments sorrounding the collision point
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Asterix & Obelix, Der groBe Graben, Ehapa Verlag
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Collisions
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* Nuclei are accelerated to high energies, i.e. speeds close to the
speed of light, and are the collided

« This leads to the creation of (new) particles that can be detected in
the experiments sorrounding the collision point

O/ Asterix & Obelix, Der groBe Graben, Ehapa Verlag
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primary and
—— TRACKING secondary vertex
TRD ‘ TR \ = 10, VO
Esegom P MUON FILTER
-
TRIGGER CHAMBER
ZDC
116m from L.P. ; y
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ALICE
Central Pb-Pb collision:
- <4~ High multiplicity = large dN/d 7
High number of tracks
(more than 2000 tracks in the detector)
Pb Pb

- Peripheral Pb-Pb collision:
Low multiplicity = small dN/d»
Low number of tracks
(less than 100 tracks in the detector)
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Time =2
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

Plot by S. Bass, Duke University; http://www.phy.duke.edu/research/NPTheory/QGP/transport/evo.jpg
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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

Physics Colloquium Mainz - Benjamin Ddnigus 16
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ovessat | gttice QCD results

o w4 Lattice QCD
non-int. limit tells us where

1 toexpectthe
P phase

1 transition
4 :
3p/T4 - | Critical energy density:
e/ ec = 0.34 + 0.16 GeV/fm3
3s/4T3 -
Critical temperature
T MeV] Tc = (154 £ 9) MeV

130 170 210 250 290 330 370

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

0
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st Temperature of the source
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. | IR | P—
+ 10y, Pb-Pb |[5,,,=2.76 TeV
™~N C
= Fau K 0-10% centrality (N =356)
> 102 part
E é .."n p
= C A
T LY
> 10
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o : % 4
— B *
S 107 . d
= F b3
107F ;
F m Data (ALICE)
107E Thermal model, T=156 MeV (V=5330 fm®) ™. 3y
2 total (after decays) »'«e iH
L e primordial k2
1 1 L I L 1 1 L l L 1 L L I 1 1 L 1 I 1 L 1 ' l 1 L 1 L I L I
0 0.5 1 1.5 2 2.5 3

Mass (GeV)
Plot by A. Andronic, GSI-Heidelberg group
arXiv:1407.5003 [nucl-ex]

Analogy:
Light source - particle source

« Multiplicity described best with
T=1900 000 000 000 °C
(1,9 trillion degree centigrade)

- 100 000 times hotter than in the
interior of the sun!

1/40 eV =20 °C
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Thermal model

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

3 3
ntin KK 0 ==t Q4O AH+ QH 3
2 2 Ks ) 2 2 i
B oo ! i : e

§ 10° Ertn | i ALICE Preliminary i =
T 402 _ g s Pb-vPb @NNI: 2.76 TeV, O-19% -
10 E : ¢ —;
b ;_ & Notin fit iy E
10_1 3 ¢ Extrapolated H H H =
102 L Model T(MeV)  ,2INDF 3
. = THERMUS 2.3 3
10™ & |« GSl-Heidelberg E
10_4 [ =11 SHARE 3 nlln _;
i 1 BR = 25% 3
e 7 3
g 05 - ) : : e =

) & 2 : x ] :
W e 1 l:]w !%':’1:1 E
© i 0 B
2-05 - : S | 1“ i =
] o4F s e =
= 2F = N B T S 3
g = e s SNRREL oo I PN (03 WO OO 01 107 =
< _2 Frwmwi . b "!";«"I"‘-"!"'" '!'JIEIH T s oniseon _E
o Sadl =
E 4E B et USRS N =

- chemical freeze-
out temperature T,

- baryo-chemical
potential ug

- Volume V

-> Using particle
yields as input to
extract parameters
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Energy dependence

A. Andronic et al., PLB 673 (2009) 142, updated

=
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Predicting yields of bound

states
T T e ] Key parameter at LHC

—v—ﬁH

energies:
chemical freeze-out
temperature T,

6[Q 2
10 L' o +3He,3He

Yield (dN/dy) for 10° events
Sw
W

@ . L : Strong sensitivity of
| 1 abundance of nuclei
3: to choice of T, due to:

10°
bttt F 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,
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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
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ALICE

1000 v ML AW VLY T T T ,é’ 220__' ALICE limi
= 4 AP | VOA Multipliciy preliminary
ey 900:—“. A 31 ‘\3 2 \He % "‘?‘I‘-’.%'E‘E“ § 2005 Class (Pb-Side) 0-10% 24GeV/c< p_<2.8 GeV/c
S 800F AW A ok #80E- )
g E 4 \ V% % 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-" 20E-p-Pb \z,,,=5.02 TeV ¢.1
Ee_ lllll I AR ENENE EEEEY AN Loaaa b le s S b a s
0t O — 25 2 -15 4 05 0 05 1 15 2 25
0.1 02 03 1 2 3 45
i 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
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For the full statistics

of 2011 ALICE
identified 10 Anti-
Alphas using

TPC and TOF

STAR observed the
Anti-Alpha in 2010:

Nature 473, 3563 (2011)

Pb-Pb, 2011 run, \s,, =2.76 TeV negative particles
1 OOO - |\ T T e T~ T T T
i
—~ 900 :—\ PEgFIC.)EMCﬂECE
> o\ July 4", 2012
S 800:— \‘ """"
g 7005—
07 600:—
S 500F -
.'C_U' E 1.5 222.5 335 4
N 400F ™ (Geveict)
c =
O 300F
- G
© 200F i ol
= F - ... . trigger,
100F- Ty S
- € =
O 1 1
0.1 0.2 0.3 1 2 3 4 5
P (GeVic)
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ﬁﬁfvlii Deuterons "

ALICE

ALICE-PUBLIC-2017-006

‘I_ T I T T T T I T T T T | T T T T I T T T T | T T T T I T T
o — ALICE Preliminary j
= 105~ =
Q - - ly| <0.5 =
(5  Ressees—r o R ol ——_—— ]
~— 1 ________________ . F == ~. . —
> s T Mg T~ e =
T P, T - - =
Q. 10 - EeTe et e,y The, < e =5 DR _gl
S 102E T e S by 3
S TS z@‘tﬁ@\ \~‘~~ - =
C\JO = %%% h oo T h 2
3 10° ey s . =
P — g S e e deuterons, Pb-Pb \s,, =5.02 TeV 3
~ ) Tes o o, ]

= apd i = o 0-5% (x512) o 5-10% (x256)

107 e dac 23 10-20% (x128) 20-30% (x64) =
— N 30-40% (x32) 40-50% (x16) -
10° o e 50-60% (x8) e 60-70% (x4) —
= PP e 70-80% (x2) e 80-90% (x1) =
6L - --- Individual fit O ppINEL\s=13TeVT]
10 E INEL normalisation uncertainty: 2.55% é

| | | | 1 | | | | | | | | | | | I | | | | | 1 | | | | | |

1 2 3 4 ) 6

[N (GeV/c)
« pr-spectra 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
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d/d

d/d

d/d

d/d

ALICE Preliminary

(Anti-)Deuteron ratio

ALICE

sk TR T T T T T T PP (s = 5.02 TeV
' 1 1 1005% ©510% o 10-20% - 20-30%
] P = o O P e 4 R e O i’ iﬂnﬂﬂﬂﬂmﬂmm -+ 4--§ -1 * 30-40% * 40-50% * 50-60% * 60-70%
:: ] © 70-80%  80-90%
05 :_. 1 1 1 1 1 1 —::_. -_: o pp E = 13 TeV
s + - =
R SEDE - LR - E
osF- = - S
155_' 1 1 1 1 1 1 '_55_' 5_' l T 1 I o 1 1 _-E
2 s E 0 ¢ -
1E S R[efelelelefleletell il - - - - + - Bl - g
05 -+ — =
15 :_' 1 1 1 Ll Ll 1 —EE_' '_E-_' L 1 1 1 1 _E
Igaiiﬂﬁﬁ oo EaLdon [ﬂ$ """""""" §: ;
05 + + 3
T - - S S—
' ' P, (GeV/c)
: ‘ -ratios consistent with unity, as expected
Physics Colloquium Mainz - Benjamin Ddnigus 27



GOETHE ] . %
onversitat - (Gombined Blast-\Wave fit

| | ALICE
ALICE Collaboration, arXiv:1910.07678
ALICE Preliminary, \/s, =5.02TeV, 0-10% .
= B (G  Simultaneous Blast-
h "*4; 4:_2 . éombined Blast-Wave fit Wave flt Of TC+, K+’ p’
e, d, t, 3He and “He
St SPectra for central

Pb-Pb collisions
leads to values for
=== | {pand T, close to

%

10°° i
107 P == i _ those obtained when
b only K p are used
0 1 2 3 4 B 6 7 3
P, (GeV/c)

 All particles are described rather well with this simultaneous fit
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ALICE
§102 ‘ @ AUCE . Production of (anti-)
© 10 nuclei is follwing an

1 exponential, and
1071 decreases with
102 mass as expected
103 from thermal model
gy « |n Pb-Pb the
107 Q ,penalty factor” for
6 each additional
13_7 0-10% Pb-Pb, \'s,, = 2.76 TeV baryon ~300 (for

SE Ly particles and anti-
10 _
I 48 2 4 »m 1 2 8 2 particles)

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

D 0.007

+

2 0.006

~—

-Cc\lj 0.005
0.004
0.003
0.002

0.001

d/p vs. multlphClty

ALICE

T IIIlIII T IIIIIII] IIIIIIl
— [#] Plchb Sy = 2.76 TeV (PRC 93 (2015) 024917)
[#]p-Pb, {5, = 5.02 TeV (arXiv:1906.03136)
— [ Ipp, {s = 900 GeV, d/p (PRC 97 (2018) 024615)
— [E|pp, Vs =2.76 TeV, dip (PRC 97 (2018) 024615)  ALICE Preliminary
— [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
'%|pp, s =13 TeV . e eI

Thermal-FIST CSM (PLB 785 (2018) 171-174)
--T=155MeV, V,=3dV/dy
—T=155MeV, V. =dV/dy

—Coalescence (PLB 792 (2019) 132-137)

R

K

\%9.¢]

\

&

|

| — i

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

10° 10°
<chh / dnl b>|

d/p ratio rather well described by coalescence and
(canonical) thermal model
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T T T TT] T T T 171 T T T HLICE

n
C
O s
) 107 A= R ﬂ =
O =
s B
- o .
] -
- 5 _
©
o 0 CSM (Thermal-FIST), T = 155 MeV i
: — V,=dV/dy ---- V,=3dV/dy
107°f Coalescence
£ = - - Three-body =-:-: Two-body

] lllllll

[e] °He + °He, p-Pb, 5.02 TeV

[e] *He + °He, p-Pb, 8.16 TeV

2 « ®He, Pb—-Pb, 2.76 TeV [¢] 2 « °He, Pb—Pb, 5.02 TeV (Prel.)
[¢] 2« °He, pp, 7 TeV [6] ®He + °He, pp, 13 TeV (Prel.)
1077 [c]°H + °H, p-Pb,5.02 TeV [ 2 « °H, Pb-Pb, 5.02 TeV (This work)—

10 10? 108
(dN dn )

lab |T7 b| <0.5

3He/p and 3H/p ratios are similarily well described by
coalescence and (canonical) thermal model
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i KK =+ H+ °A
s gn K EK K2 Ki+K™ +K* o _ % _E_ QEQ d - A 3He “‘He ‘Mo
©
© -:;= 0 0 0
oS > 10° = = ! ' : : : s s E :

S T E ITH [T Q) M e S

N = ] ! ) ALICE, 0-10% Pb-Pb, VSNN =:2.76 TeV 7

Sa o = T ot il ot : i ; ; ; ; : i Bl

S92 10 ' : R e | ¥ adl : : ; ' : - N

¥ 1 ; | ; i

& - : ol : g

S 9 1 = : : : | =

El:‘ <o <7 Not in fit )

R 107 ¢ Extrapolated ; ; : : ; _ : . T

§g B Model T(MeV)  V(im) y2/NDF _a e B
e o 105 L |—THERMUS 23 155+2  5924:543 2481 |} {BR = 25% g i
SIS =% y ! . ] =
LN = =1 GSI-Heidelberg 156 + 2 5330 + 505 19.6/11 |: ) : :

N = i i | el
IgS > =+1SHARE 3 156+3 4476 +696  151/11 ] ; ; - -
Sy 107" . . : . : . . . : : : : =
SE | N H H H H H H H H H

T .

e 3 . i ! ]
53 g 05 T T~ T T T S N T TN 1 . .
08 T C QoL 0an G o g g L %JH’ ﬂ ]
sfc 3 Ofgm b LRI R W IBEIIE
58y B B T L LM i
SN = = : ' ‘ 3
NS £ R R A e el A NN, A .  —- l e il —
=53 & ‘2‘ - =T | i | E
G- = S e T e L e B e T e =
33O B D TR R R ... S S E
S % m .? C vemw Tmm AL Balal, ; T =
ljt.l E % ‘i ‘é —2 : -------------------------------------------------------------- - B T s e e e e e e e e e e e A = o —:-
2238 & Abeedessdbesscdbesdissedos el e o o s 3

« Different model implementations describe the production probability,
including light nuclei and hyper-nuclei, rather well at a temperture of
about T, =156 MeV
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ALICE Collaboration, arXiv:1710.07531,

NPA 971, 1 (2018)
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Bound state of A, p, n
m = 2.991 GeV/c? (B, =130 keV)

A

[ ¥

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

7 0.2F 130 >
g ozf {2
= 0.15 1. =
- s !
. S| 1)
s 1 - s
= g rTTR
1 —10 =
= 0.05 g [
= 4 ®©
= o
g 0— ————— 0
5 . |
[ = 2
=-0.05( 2
r - 3
S —0.1_— -
& - 20
~0.15} 1
' 1= N B B R S PP B 7,
0 10 20 30 40 50 60
r/ fm

P. Braun-Munzinger, BD, Nucl. Phys. A 987 (2019) 144
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UNIERSITAT Hypertriton

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

7 02K 130 >
2 { %
= 0.15 1. =
i 10 B

. S| 1)

s 1 - 3

= Tow:

1 —10 =

= 0.05 a [

=) 41 ©
~ - [«

e oF 0

5 . s

[ B 2

=-0.05( 2

r = 3

S —0.1_— -

& - 20
~0.15} 1
"0-2—; ll ll llll ln ln l —:_30

0 10 20 30 40 50 60

P. Braun-Munzinger, BD, Nucl. Phys. A 987 (2019) 144
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st Hypertriton ldentification

Bound state of A, p, n
m = 2.991 GeV/c? (B, =130 keV)
- Radius of about 10.6 fm

3He Decay modes:

*H 3 He 47~
?\H—>3H+7TO

*Hod+p+7~

3

2H

" +H—3+d+n+a°
+ anti-particles
- Anti-Hypertriton first observed by

@ STAR Collaboration:
prim. vtx. Science 328,58 (2010)
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ot Hypertriton signal

ALICE

m _I TTT L T el T T 1T I | PR 5 | T 1T I T T TT I | 2 B | T I_ ’,:\
S .

S 140 — ALICE Performance, 28/11/2016 ] = ALICE Preliminary
() | i [0} 5
= ool [Srg0 = 5.02 TeV 1 107k | Pb—Pb |5y, = 5.02 TeV
& N 1 C &
é, Pb—Pb, 0-80% : ug = ) =3 10-40% centrality
§ 100 vi<0s 15 | ==

4 QU

N 18 I ==

IR Y ] & f + H> *He + 7~ h

L 1 O .pl

i L e
60 - E z F Fit

L . . | ]
40 B ] -‘,: + %ﬁ — "He+n I |

- + i " —-- Fit
20 [ — '

- . 107 - Uncertainties: stat. (bars), sys. (boxes) i
O_lllllllI|IIlll|ll||ll||l||l|||ll|||||_ —IIIllllII|IIIIIlllllIIIIIIIllIIIIIlI;‘IIIIlIIl
297 298 299 3 301 3.02 303 3.04 3.05 0 1 2 3 4 5 6 7 8 9

M(*He, = &°He, ©*) (GeV/c?) p_ (GeVic)

« Clear signal reconstructed by decay products

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

<|v>I|< 1.8
1.6
1.4

1i:2

0.8
0.6

0.4

|II||III|||||II||III|||||II|||IIII||

0.2

ALICE Preliminary
Pb-Pb \s,, = 5.02 TeV

10-40% centrality

Uncertainties: stat. (bars), sys. (boxes)

IIII|IIII|IIII|IIII|IIII|IIII|I[II|IIII|IIII|

H> *He+n-

H- e +

oO

1 2 3 4

5 6 7 8 9
pT (GeV/c)

11037

ALICE

IlIIII|

%gﬁ

+ H> *He +

ALICE Preliminary
Pb-Pb VSN =5.02 TeV

10-40% centrality

Cf ----Fit

§ | !

- + ;ﬁ - *He + n* ' ]

H—

| Uncertainties: stat. (bars), sys. (boxes) 3

_Illllll[lllllllllllllll!llll]lllllll;‘lllll]ll

0 1 2 3 4 5 6 7 8 9
pT (GeV/c)

 Anti-hypertriton/Hypertriton ratio consistent with unity vs. p;
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cursir Hypertriton in pp & p-Pb

« Hypertriton signal recently also extracted in pp and ALICE
p-Pb collisions

« Stronger separation between models as for other particle
ratlos mainly due to the S|ze of the hypertrlton

|||||||||||||||||||||||||||w||ww T TTTT] T f T T T

N
- =] \ ALICE p-Pb, 0-4 =5.02 TeV
L 18_ ALICE Performance § I E CEP- ? 9 0% VS ?O °
> - (=il =) ™ <1075 | m \ ALICE Preliminary pp, HM trigger,(s = 13 TeV |
O 16 , R B - - [ ] ALICE Pb-Pb, 0-10%, |5, = 2.76 TeV ]
= High muiltiplicity trigger N
— = — B.R.=0.25+0.02 e
o 14§ | boamem 1 @ [ PR e
ok —— Signal + Background —
~~ =
»qo |l Background . i
o — ¢
s 4t E
T 7
6 10° i —
C i == 3-body coalescence .
4 . = 2-body coalescence |
2 ‘ ‘ +4 , / —SHM, Ve =dV/idy -
—h |||1|||||||| -'I-I“II’—T‘ |||T|||m||u‘|1|||ulll LI / ""SHM,VC=3dV/dy |
297298299 3 3.013.02 3.03 3.04 3.05 3.06 L1 0l Lol L
3 10 10 10°
M(°*He + n) (GeV/c?) N /dn)
ch n In|<0.5
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p-Pb collisions

Stronger separation between models as for other particle
ratlos mainly due to the S|ze of the hypertrlton

% 18
S B ALICE Performance
® 16— pp Vs =13 TeV
= High multiplicity trigger
w0 140 0 b 3H+3A
o - —— Signal + Background —
~~ L
i I Background
QD
cr
T 8F
W r

6 — -

4

Al )

—h |I||||||I| |l IIIITI IIVITIIIT_IT I Lll‘

IIIIIIIIIIIII|IIII|IIII|IIII‘IIII‘

T

llllll

297298299 3 30130230330

4 3.05 3.06

M(*He + 1) (GeV/c?)
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Hypertriton in pp & p-Pb

Hypertriton signal recently also extracted in pp and

0.9

0.8

- B.R. = 0.25+ 0.02 |
' E s=(CH/°He)/(A/p)
06 T —

~ 3-body coalescence -

(B

ALICE

TT II T T T TTT I|
E} ALICE p-Pb, 0—40%, ISy = 5.02 TeV

ALICE Preliminary pp, HM trigger,is = 13 TeV

[ ¢ ] ALICE Pb-Pb, 0-10%, |[s, = 2.76 TeV . 75

= 2-body coalescence ]

02 =

— S / — SHM, Ve = dV/dy
E = SHM, Ve = 3dV/dy 7
0 [ 1 Lol 1 Lol T

10 10? 10°
dN /d
( ch 77>|n|<0.5
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Hypertriton ,Puzzie”

« Recently measured lifetimes are significantly below the
lifetime of the free A =2 new ALICE results agree with the

world average of
all known
measurements
and with the free
A lifetime

Most recent
calculations
include ,final-state”
Interaction and
agree well with

the data

Physics Colloquium Mainz - Benjamin Ddnigus

N
(é)]
o

Lifetime (ps)

300

250

200

—

50

100

50

IIII|IIII|IIII|IIII1;HII|IIII|IIII|IIII|IIII

PR 136 (1964) B1803

PRL 20 (1968) 819

PR 180 (1969) 1307 ‘

PRD 1 (1970) 66

Science 328 (2010) 58

NPB 16 (1970) 46

NPB 67 (1973) 269 L‘

Statistical uncertainties
Systematical uncertainties
Average hypertriton lifetime

= === H. Kamada et al., Phys. Rev. C 57 (1998) 1595
<=« J.G. Congleton, J. Phys. G 18 (1992) 339
== M. Rayet, R.H. Dalitz, Nuo. Cim. 46 (1966) 786
== A. Gal, H. Garcilazo, Phys. Lett. B 791 (2019) 48

A. Pérez-Obiol et al., arXiv:2006.16718
F. Hildenbrand, H.-W. Hammer, arXiv:2007.10122

PLB 797 (2019) 134905

1 PDG value - free A lifetime
N S |
% '-r’ l

@

NPA 913 (2013) 170
PLB 754 (2016) 360
PRC 97 (2018) 054909

BD, Eur. Phys. J 56 (2020) 258
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world average of

all known
measurements

and with the free

A lifetime

* Most recent
calculations

include ,final-state”

interaction and
agree well with
the data

~450

400

Lifetime (ps

300

250

200

—

50

100

50

Hypertriton ,Puzzie”

« Recently measured lifetimes are significantly below the
lifetime of the free A =2 new ALICE results agree with the

Statistical uncertainties

Physics Colloquium Mainz - Benjamin Ddnigus
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* Preliminary Result for
SQM2019

* Current studies show a
better constraint and
smaller
statistical uncertainties
(will be published
soon)

* The value obtained by
this fit is
B, =55+62keV

Physics Colloquium Mainz

(MeV/c?)

= 2992.5

<

M

2992

2991.5

2991

Binding Energy

_I T T T | T 17T | T 171 | T 171 T 171 T 171 T T T I_
- ALICE Preliminary i
 Pb-Pb s, =5.02TeV stat. ]
— 0-90% |
syst.
L 2/ ndf. =11 ) ]
i L]
. + + : h
I 11 | + | | I | | I I | | I I | | I I | | 11 1 I_
0 5 10 15 20 30 35
ct (cm)
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* Preliminary Result for
SQM2019

* Current studies show a
better constraint and
smaller
statistical uncertainties
(will be published
soon)

* The value obtained by
this fit is
B, =55+62keV

* |s compatible within
the theoretical
predictions

~

1.2

(MeV

- 1

0.8

B

0.6
0.4
0.2
0
-0.2

0.4

Binding Energy

(B

ALICE

[|||[I|III|III|I|I|III|I

III|IIII]II|I

Theoretical calculations

— arXiv:1711.07521

NPB1(1967)
+ NPB52(1973) +

NPB47(1972) - PRC77(2008)

EPJ56(2020)

STAR(2019)

l||l||ll||l|l||ll||l||l

|
N
| |
e
|
|
- |
N
|

NPB4(1968) AiCE

) Preliminary

IIlIIlII]II|

PRD1(1970)
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Counts /(2.8 MeV)

Counts / (2.8 MeV)

Exotica Searches

(al) d+7~ [ (a2) d+7~
- ~10 < Z < 30 cm 100: kI —2 < Z < 30 cm
~ 5w HypHI
= i Collaboration
2 awfjf observed signals
3 200 .., inthe t+m and d+n
e op————————1 jnvariant mass
204 206 2.08 2.1 A . " : . - .
Mans (GoV) 200 e ' distributions
i (bl) t4+m~ . (b2) t+m~
ol ~10 < Z < 30 cm 60;— } —2<Z<30cm
I % i \
60f =
405 %
: 5 C. Rappold et al.,
of [ s 1| PRC 88, 041001 (2013)

L1 L1 . Fte ) L L Fan el
3 3.02 3.04 2.98 3 3.02 3.04
Mass (GeV) Mass (GeV)
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« Hypothetical bound state of uuddss (AA)

« First predicted by Jaffe in a bag model calculation (PRL 7195, 38
+617 (1977))

» Recent lattice calculations suggest (Inoue et al., PRL 106, 162001
(2011) and Beane et al., PRL 106, 162002 (2011)) a bound state
(20-50 MeV/c? or 13 MeV/c?)

« Shanahan et al., PRL 107, 092004 (2011)

1400t H binding energy [MeV]

. ) 1200 $49.13.4(5.5)
and Haidenbauer, Meil3ner, PLB 706, 100 ol E e
(2011) made chiral extrapolation to a % w0 | % "/,.3;.8(3.1)(4.1) _
physical pion mass and got as result: S ool 2 #33.6(48)3.5)
o

a 13.2(1.8)(4.0)

— the H is unbound by 13+14 MeV/c? 400 | ““‘_,4026.0(4.4)(4.8)
or lies close to the Ep threshold

Zo g HAL e |

o b NPL &
0 200 400 600 800 1000 1200 1400

- Renewed interest in experimental searches o (e o
T. Inoue, private communication
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nversitat - Sagrehes for bound states
ALICE Collaboration: PLB 752, 267 (2016)
¥ n000 E ALICE + % 3500FALICE "
= R s > = Pb-Pb |5y, = 2.76 TeV +*
s : + 2 3000 I
= 3 = = = - (0-10% central) +
< 2500 F % = g 3
i E = u +
= : s S 2500F
£ 2000 o, 2 : Y
§ : e R § 2000F-
i 5 1500F-
- (0-10% central) : -
500 _ 500 sl
E _._l 1 1 Arll 1 1 1 i bl AA l l
2 2.012.022.032.042.052.06 2.07 2.08 2.09 22 221 223 223224 FI5 X 22

Invariant mass (dr+) (GeV/c?) Invariant mass (Apr) (GeV/c?)

Invariant mass analyses of the two hypothetical particles lead to
no visible signal - Upper limits set
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> = ALICE ! H I. I C E
= Pb-Pb i ¥ Upper limits (99% CL, 0-10% central)
SN = lmas 2 0Tl |, s Ao o h (1aie)y

102 E E --= Decay length of free A

el

ek —A
o (@]
B w
M TT III| I IIIIIII| [ IIIIIII| I
+—
—t
<+—

>
ke, :
=102 BN Srartrarsrars gt S b et ey
- - i -
otk AA I
10-4;—. I; 1 . I A2 /
2x107? 107 2x107 1 2 3
ALICE Collaboration: PLB 752, 267 (2016) Decay length (m)

Search for a bound state of An and AA, shows no hint of signal

—> upper limits set (for different lifetimes assumed for the bound
states)
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o Comparison with fit
p A = Q d He 3H “He An  AA ALICE

> 1 02 I I T T T T T T T
+— = ' ' V ' H
‘D R f i i
= ~ é é i é é ' ' ' ' 7
3 ' i ; ; s s
1+ ; : ; ; ! BR=54% | BR=64% |
= : (- i = i
o ' s s s . :
N — 5 — Z i ]
© s s !
— 5 ! ! : :
10° ' ' R
4| i i § i i e e § T
1075 s i a s s s a a s
BR =25%
6 Model T(MeV)  V (fm?) ¥2/NDF|
1071 = ]
| [== GSI-Heidelberg 156 + 2 5330 £ 505 17.4/9 =
1 0—8 i H H H H H i | V i v

Simplified plot, CERN Courier (September 2015)
Hypertriton (B,: 130 keV) and Anti-Alpha (B/A: 7 MeV) yields fit well with
the thermal model expectations

- Upper limits of AA and An are factors of >25 below the model values
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—
o
™o

. Pb-Pb |5,=2.76 TeV N__ =350
% 108 A Thermal model
o — T=164 MeV
Sofk . T=156 MeV
10 AH
10° — oy
107 4y — e
8 A AAH
10
10° e
1070 AH

A. Andronic, private communication, model
described in A. Andronic et al., PLB 697, 203
(2011) and references therein

ALICE

Explore QCD and QCD
iInspired model
predictions for (unusual)
multi-baryon states

Search for rarely
produced anti- and
hyper-matter

Test model predictions,
e.g. thermal and
coalescence
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* Results shown before are £ i L
. ()] 20000 imulation anchore
based on data gathered in® ITS2 (Run 3), expected ITS2,BLPY, [, = 55T, 05T
Run 1and Run2ofthe 2'%°- Hypertritons Sl v 150 300087 Mol
. . = i AAAAT— e Background, 19549 Counts
LHC with different &2 16000 sun
i S/B = (2.77 £ 0.0198)
pecu”aﬁﬁes 814mm SIS + B = (199.60 + 1.4276)
* Run 3 & Run 4 of LHC will 12000 i
deliver much more 10000

statistics (50 kHz Pb-Pb 8000
collision rate)

TCTTTT T T TTTITTT T T T I T TT T T T T 1T
U L L R

6000
* Upgraded ALICE detector
will be able to cope with the
. . . 2000
high luminosity - | gy . | | |
« TPC Upgrade: GEMs for 896 297 298 293 3 301 302 303 304

. 3 - B
continous readout M(°He, n) + M(°He, n*) (GeV/c?)

« ITS Upgrade: less material budget and more precise tracking
for the identification of hyper-nuclei

* Physics which is now done for A =2 and A = 3 (hyper-)nuclei
will be done for A =4
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Expected yield (2-10 GeV/c)

10°

10°

10*

10°

10?

ALICE

-I'III ! ! IIIII'I ! ! IIII'II ! ' I-,\ LILILIL I ) LI L 1 L] rrrriri L]
- o I ! {0 % I [ ]
L ALICE Upgrade projection E —=|S - ALICE Upgrade projection i
E PRED. (B DS 0V (02100 i ) - Pb-Pb, /s, = 5.5 TeV (0-10%) -
E e e 5] : O _iH—)SHe+n'
BR. = 25% (') ! 1= 1°E B.R. = 25% (*) =

E __,\H—>He+:'t : ERSN - __ _AHo%Mes+n .
: BR. = 50% (" ; e [ B.R. = 50% ()
= AHe > He+p+m : 10 - ‘He 5°He +p+ x
E B.R.=32% (* : 1S s B.R. = 32% (*)
- (*) theoretical ! 3 g (*) theoretical
- : z 10§ E
E : .9 . .
= | q» n -
g ! 1O B N
= 1 - .‘Q_‘_)
E : | O B 1
= 1 3O
e : 12
E I 1> 1 =
» 1 <L =

L1l II 1 L& 0 L1 II 1 1 L1 1 111 I 1 1 1 L1l 1 1 [ | 1 1 L Lii1i1 I 1 1 1 &

107 1 10 107 1 10
Min. bias integrated luminosity (nb™ Min. bias integrated luminosity (nb™

Expected significance >5c for the full data set to be collected in Run 3 & 4
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ALICE@LHC is well suited to study light (anti-)(hyper-)
nuclei and perform searches for exotic bound states
(A<9)

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

Models describe the \102 AUCEdata +STARdata
C - H H od, d
(anti-)(hyper-)nuclei data " ., =R olHe, TE

15 = ,He = “He, “He

rather well 107 s

Ratios vs. multiplicity trend  w-
described by both models .

New and more precise data
can be expected in the next w7’

10°L s

years orob il

BD, Eur. Phys. J 56 (2020) 258
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