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Hypernuclei in heavy-ion collisions

Thermal Model Coalescence Model

“« Thermodynamic approach to particle production

in heavy-ion collisions

|+ Abundances fixed at chemical freeze-out (Tchem)

* hypernuclei are very sensitive to Tchem because
of their large mass (M)

—>Exponential dependence of the yield e(-M/Tchem)

* depends only on T, V and ug, which is basically

zero at the LHC
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Hypernuclei in heavy-ion collisions

Thermal Model Coalescence Model

-+ Thermodynamic approach to particle production 7 -

. inheavy-ion collisions . + If baryons at freeze-out are close enough
1& * Abundances fixed at chemical freeze-out (Tchem) | in Phase Space an (anti_)hypernucleus can
* hypernuclei are very sensitive to Tchem because be formed

of their large mass (M) » Hypernuclei are formed by protons (A)

—>Exponential dependence of the yield e(MTchem) and neutrons which have similar velocities
* depends only on T, V and us, which is basically 2fter the freeze-out

zero at the LHC
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Hypernuclei in heavy-ion collisions

Thermal Model Coalescence Model

-+ Thermodynamic approach to particle production | S
'+ If baryons at freeze-out are close enough

in heavy-ion collisions ‘
|+ Abundances fixed at chemical freeze-out (Tchem) " in Phase Space an (anti-)hypernucleus can
be formed

hypernuclei are very sensitive to Tchem because
Hypernuclei are formed by protons (A)

of their large mass (M) .
—>Exponential dependence of the yield e(™Tchem) and neutrons which have similar velocities

depends only on T, V and ug, which is basically 2fter the freeze-out
zero at the LHC -
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Hypertriton measurement: methodology €

ALICE

Hvoertrlton ||ghtest know hypernucleus
.» bound state of p, nand A

Mass'®® = 2.992 GeV/c?2
N-Lifetime®) ~263 ps

Decay Channel:
1. Mesonic
2. Non Mesonic

Secondary
Vertex

Primary
Vertex

@ D.H. Davis., Nucl. Phys. A 754 (2005) 3-13
[3] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

Mesonic decay

Charged

Neutral

3A\H — 3H+x#0

3\H — d+n+7?

S\H — n+p+p+7-  |3AH — n+n+p+70

Study of the production in the charged
decay channel

- 2 body (B.R.") = 25%)
- 3body (B.R.!"V = 41%)

() B.R. predicted in H. Kamada et al., Phys. Rev. C 57 (1998) 1595-1603
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Hypertriton measurement: methodology €

ALICE

Hvoertrlton ||ghtest know hypernucleus ‘ Mesonic decay
.» bound state of p, nand A

Mass'®® = 2.992 GeV/c?2
N-Lifetime®) ~263 ps

Charged Neutral

3A\H — 3H+2#?

Decay Channel:
1. Mesonic
2. Non Mesonic

3\H — d+n+x?

S\H — n+p+p+7-  |3AH — n+n+p+70

Signal extraction:

e |dentify daughters (°*He, ) or (d,p,x)
e Study of the production in the charged

decay channel

- |dentify secondary decay vertex - 2 body (B.R. 1 _ = 25%)
- Reduce combinatorial background

* Apply topological cuts in order to:

- 3body (B.R.!"V = 41%)
e Fvaluate invariant mass

T —— > ———————
@ D.H. Davis., Nucl. Phys. A 754 (2005) 3-13
[3] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) M B.R. predicted in H. Kamada et al., Phys. Rev. C 57 (1998) 1595-1603
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Hypertriton measurement with ALICE (L

Hypertriton: lightest know hypernucleus Mesonic decay
| bound state of p, nand A

|
Mass'® = 2.992 GeV/c2 |
A-Lifetime®3) ~263 DS 3AH — 3He+1 25% Pb-Pb at 2.76 TeV, 5.02 TeV

Charged B.R.*  System + Energy

Decay Channel:
1. Mesonic
2. Non Mesonic

3\H — d+p+7 AL Pb-Pb at 2.76 TeV

Signal extraction:
e |dentify daughters (°*He, ) or (d,p,x)

* Apply topological cuts in order to:

- ldentify secondary decay vertex
- Reduce combinatorial background

e Evaluate invariant mass

T

) D.H. Davis., Nucl. Phys. A 754 (2005) 3-13
[3] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

“'H. Kamada et al., Phys. Rev. C 57 (1998) 1595-1603
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Hypertriton measurement with ALICE (L

Hypertriton: lightest know hypernucleus Mesonic decay

| bound state of p, nand A
!

Mass'® = 2.992 GeV/c? _

A-Lifetime®® ~263 ps .(HA — 5 3He+s- 25%\) Pb-Pb at 2.76 TeV, 5.02 TeV

Decay Channel:

1. Mesonic
2. Non Mesonic

Charged B.R.*  System + Energy

3\H — d+p+7 AL Pb-Pb at 2.76 TeV

Signal extraction:
e |dentify daughters (°*He, ) or (d,p,x)

* Apply topological cuts in order to:

- ldentify secondary decay vertex
- Reduce combinatorial background

e Evaluate invariant mass

T

) D.H. Davis., Nucl. Phys. A 754 (2005) 3-13
[3] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

“'H. Kamada et al., Phys. Rev. C 57 (1998) 1595-1603
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Hypertriton measurement with ALICE (L

Hypertriton: lightest know hypernucleus Mesonic decay
| bound state of p, nand A

Mass'®® = 2.992 GeV/c?2

NA-Lifetime®) ~263 DS | ,(!AH — 3He_|_ﬂ-- 25%\) Pb-Pb at 2.76 TeV, 5.02 TeV

Charged B.R.*  System + Energy

Decay Channel: 3\H — d+p+7 41 Pb-Pb at 2.76 TeV
1. Mesonic
2. NOﬂMeSOﬂlC (\,{_; IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
— > 140 — ALICE Performance, 28/11/2016 ]
. . S ! _ )
Signal extraction: S 120 [ (s =802TeV -
£ - Pb-Pb, 0-80% i
e |dentify daughters (°*He, ) or (d,p,x) 3 100 + Iyl <09 —
e Apply topological cuts in order to: 80 17¢ 9T * 7
- ldentify secondary decay vertex 60 * ]
- Reduce combinatorial background - + {
40 |- + =
e Evaluate invariant mass - b
20 | —
(2) DH DaV|S, NUC' PhyS A 754 (2005) 3_13 O _I L1 1 | L1 1 I 1 | L1 11 | L1 11 | L1 11 | L1 1 1 | L1 1 I—
[3] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) 2.97 298 2.99 3 3.01 3.02 3.083 3.04 3.05
“'H. Kamada et al., Phys. Rev. C 57 (1998) 1595-1603 M(°He, = &°He, ) (GeV/c?)
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Hypertriton measurement with ALICE (L

Hypertriton: lightest know hypernucleus Mesonic decay
| bound state of p, nand A

!
Mass'®® = 2.992 GeV/c?2

NA-Lifetime®) ~263 DS | ‘QAH — 3He+1 25%) Pb-Pb at 2.76 TeV, 5.02 TeV
Decay Channel: _ 0/ ]
) ANH— d+p+7t L1% Pb-Pb at 2.76 TeV
1. Mesonic ; J

Charged B.R.*  System + Energy

2. Non Mesonic &G 71T l 71T I l L l L l 71T l I l I

— > 140 |- ALICE Performance, 28/11/2016 ]
. : > T ! _ )
Signal extraction: S 120 [ (s =802TeV -
2 - Pb—Pb, 0-80% i
. > ]
e |dentify daughters (°*He, ) or (d,p,x) 3 100 * lyl < 0.9 —
* Apply topological cuts in order to: 80~ ... * B
- ldentify secondary decay vertex 60 * + ]
- Reduce combinatorial background - {
40 + =
e Evaluate invariant mass - b
20 [~ —
(Z)DH DaV|S, NUCl PhyS A 754 (2005) 3_13 O _I L1 1 | Ll | I [ | L1l 11 | L1l 11 | L1 11 | L1 11 | L1 1 I—

[3] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) 2.97 298 2.99 3 3.01 3.02 3.083 3.04 3.05
“'H. Kamada et al., Phys. Rev. C 57 (1998) 1595-1603 M(°He, = &°He, ) (GeV/c?)
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| bound state of p, n and A

Hypertriton measurement with ALICE (L

Hypertriton: lightest know hypernucleus Mesonic decay

(4)
MaSS(Z) — 2.992 GeV/c? Charged , B.R. SyStem + Energy

NA-Lifetime®) ~263 DS | ‘QAH — 3He+1 25%) Pb-Pb at 2.76 TeV, 5.02 TeV

Decay Channel: _ 0/ ]
) AH — d+p+7 414 Pb-Pb at 2.76 TeV
1. Mesonic ; J

2. Non Mesonic % 220
— > ALICE Performance
é) 200 e Data
. . —Fi Pb—Pb =2.76 TeV (2011
Signal extraction: ST o .
2 acxgroun 0-10%, |y| < 0.5
. = 160
e |dentify daughters (°*He, ) or (d,p,x) ks

140

e Apply topological cuts in order to: 120

- ldentify secondary decay vertex 100

- Reduce combinatorial background %0

60 %ﬁ —>d+p+m
e Evaluate invariant mass 40 2
20
) . ——— o:||||||||||||||||||||| ................. Ll
D.H. Davis., Nucl. Phys. A 754 (2005) 3-13 506 297 298 299 3 301 3.02 303 3.04 3.05

[3] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) Vv 5
). Kamada et al., Phys. Rev. C 57 (1998) 1595-1603 My, . (GeV/co)
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Hypertriton production
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t - Measurement performed in semi-central collisions (10-40%) for"
{  the first time at 5.02 TeV
| . The measurement at 2.76 TeV was performed in 3 p; bins and 2 j

centrality classes (0-10% and 10-50%)
Blast-Wavel4l distribution used to extrapolate the vyield in the
unmeasured ,oT reglon i

[4] E. Schnedermann et al., Phys. Rev. C 48, 2462(1993)
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Hypertriton production vs models

dN/dy x B.R. vs B.R.

o . _tr] ' i
S | ALCE Preliminary e SHARE Hyper tr|ton decay BR IS not precisely known, only
X | constrained by the ratio between all charged
> N ===+ GSI-Heidelberg . .
2 Pb-Pb sy = 5.02 TeV channels containing a pion.
5 ) ~— Hybrid UrQMD
0-10% centrality .
------------------ * The study of the 3-body decay channel can help in
-------------- improving our knowledge of B.R.
104 L “H+ 2H

approach with an initial hydrodynamical stage for
the hot and dense medium
J. Steinheimer et al. Phys. Lett. B714 (2012)

e S v Hybrid UrQMD: combines the hadronic transport

v GSl-Heidelberg: equilibrium statistical thermal
mOdel W|th Tchemz 156 |\/|eV
A. Andronic et al. Phys. Lett. B697,

.
.’
.
.
.

| | | | I | | | | I | | | | | | | | | |

0.15 0.2 0.25 0.3 0.35

B.R. - SHARE: non-equilibrium thermal model with
M. Pétran et al. Phys. Rev. C 88 (3)

agreement with equilibrium thermal model GSI-Heidelberg and
with Hybrid UrQMD in the B.R. range between 0.24 and 0.35
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Hypernuclei lifetime: exp vs theory *

Small EB/\ (~130 keV) —> lifetime is slightly below the free A lifetime (263.2 + 2 ps [5])

Hypothesis: A would spend most of its time far from the deuteron core due to the very small value of E

N

[5] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

hypernucleus lifetime [ps]

100
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e e - -
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e,

50—

10

Nuovo Cimento- Vol. 38 n. 9 (2015) pp 387-448

mass number (A)

heavy = weighted average of lifetime for hypernuclei with 180<A<238

Itonaga K. et al., Nucl. Phys. A, 639 (1998) 329c.
one-pion exchange (OPE) model approach with
the addition of 2t/o and 2mt/p exchange terms to
the OPE exchange potential

plus correction from

Itonaga K. and Motoba T., Prog. Theor. Phys.
Suppl., 185 (2010) 252.
one-pion exchange (OPE) model approach
with the addition of many exchange terms to
the OPE exchange potential
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Nuclear Physics A 954 (2016) 176-198
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= = 'rl o T ] uncertainties grouping the
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— S NN w23
2 207}122] ALICE: ref [23]
150 STAR: ref [20,21]
3 T [16] 21 For all the references in the plot: see slide1/
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196 1970 1980 1990 2000 2010 2020
year
emulsion technique: 203+40_3, ps
He Bubble Chamber: 195+15.; ps
Digital readout: 185+28 ,; ps without [21]
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Hypertriton: the lifetime puzzle

Data compilation after LHC Run{

- — R

@ 500F
‘ll ‘E; R. E. Phillips and J. Schneps == Free A (PDG)
J = | PR 180 (1969) 1307 3H World A
| -5 400 G. Keyes et al. ar Yorid Average
= i PRD 1 (1970) 66
(- STAR Collaboration ALICE Collaboration
2 g Science PLB 754 (2016)360 |
£ 300 )| 328 (201058  py pp 50 76 Tev
m | A ] 1] Em 11 Em ] | I N NN RN ] -‘ | A ) | BB N ] L _ I _HEN BN RN EEE BEE _EBEN _NEN BEN _BEN _BEN BEN NI ‘
o \ 4
T i ‘
2001
I G. Keyes et al.
i NPB 67(1973)269
HypHI Collaboration
100 & G. Bohm et al. NPA 913(2013)170 ‘
NPB 16 (1970) 46

+R. J. Prem and P. H. Steinberg
- PR 136 (1964) B1803

Re-evaluation of world average including ALICE result:
7 = (215%1%) ps
ALICE value compatible with the computed average
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Hypertriton lifetime with Pb-Pb at 5 TeV

£
o
= 107 P~
\g/ = ALICE Preliminary
y - [} |
S [ L Pb-Pb |5, = 5.02 TeV
- [N ¢ 0-90%, lyl <0.8
i <
10 _ N
u | ™~
:: m:?J@%?@mU¢050@w1Hmm \\\\\\\\
i T=237%° (stat.) = 17 (syst.) (ps)
| | | | | | | | | | | | | | | | | | | | | | |

5 10 15 20 25
ct (cm)

ct spectra (default)

e Exponential fit to the differential yield in
different ct bins

T = 23713 (stat.) = 17(syst.)ps
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Hypertriton lifetime with Pb-Pb at 5 TeV

E Q;LJ 450 f_ s o ALICE Preliminary
= 107 = Q - Pb-Pb |5, = 5.02 TeV
SN ALICE Preliminar Y S—
) - — y “N> 400 - 0-90%, |y| < 0.8
S [ N Pb-Pb |s,, = 5.02 TeV 5350 5 N\ Sidebands 4L Ho s 1
o n C
- ~ 0-90%, lyl <0.8 £ ¢ S g .
= L a0 *
o 300 = * * i | Significance (30) = 8.42
i 250 [FRSY N Y S
200 |-
10— < C
- | ™. -
B 150 -
| ct=7.10Y7 (stat.) = 0.50 (syst.) (cm) 100 -
i T=237%° (stat.) = 17 (syst.) (ps) -
50
| | | | | | | | | | | | | | | | | | | | | | | N \
5 10 15 20 25 _I\II |IIII|IIII|III\ INI |||||||

ct (cm)

©
~l

2.975 2.98 2985 2.99 2995 3 3.005 3.01 3.015 3.02
+ Mo . (GeV/c?)

3He, T biad

<

ct spectra (default)

e Exponential fit to the differential yield in
different ct bins

T = 23713 (stat.) = 17(syst.)ps
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Hypertriton lifetime with Pb-Pb at 5 TeV

E g 450 f_ s o ALICE Preliminary
= 102 2 Pb-Pb |5, = 5.02 TeV
5 IR - ALICE Preliminary 13,400 ;— Fit 0-90%, |y| < 0.8
% B \ Pb-Pb VS_NN =5.02 TeV 5350 :_ & Sidebands S He + 1
} ~_ ¢ 0-90%, Iyl < 0.8 2 E *H - %He +
i N a>> C X
LU 300 :_ * * i | Significance (30) = 8.42
i 250 RIS IR ¢
B 200 f
10 N | ~ n
B 150 -
| ct=7.10Y7 (stat.) = 0.50 (syst.) (cm) 100 -
i T=237%° (stat.) = 17 (syst.) (ps) -
50 j\
| | | | | | | | | | | | | | | | | | | | | | | :
5 10 15 20 25 O%V |IIII|IIII|III& INI II|IIII
ct (cm) 2.97 2.975 2.98 2.985 2.99 2995 3 3.005 3.01 3.015 3.02
Mspo o+ Mo . (GeV/ c?)
ct spectra (default) Unbinned fit
e Exponential fit to the differential yield in e Crosscheck method

different ct bins _ _ | S
e [t to the invariant mass distribution = o

— 2371“;’)2(375@15.) £+ 17(syst.)ps used to define the signal range [+30,-30]
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Hypertriton lifetime with Pb-Pb at 5 TeV

e e
o < 0.9k ALICE Preliminary
%\ 102 K 8 ~JE
§ & "\ — ALICE Preliminary | 0.8:— Pb-Pb \/?NN = 5.02 TeV
2 - - = -
< [ < Pb-Pb |5, = 5.02 TeV . 0-90%, y] < 0.8
. ~_1 0-90%, lyl < 0.8 = .
N - T=2237,; (stat.) £ 20 (syst.) ps
N 0.6:—
B O.5f
0.4
s | ™ 0.3f
| ct= 7100 (stat.) + 0.50 (syst.) (cm) \ 0.2;—
i T=237%° (stat.) = 17 (syst.) (ps) 0.1
| A A A A | A A A A | A A A A | A A A A | A A 0:| 1 1 1 | 1 1 | 11 1 11 | 1 1 1 | 11 1 | 1 1 1 |
5 10 15 20 55 160 180 200 220 240 260 280 300
ct (cm) Lifetime 7 (ps)
ct spectra (default) Unbinned fit
e Exponential fit to the differential yield in e Crosscheck method

different ct bins _ _ | S
e [t to the invariant mass distribution = o

— 2371“;’)2(375@15.) £+ 17(syst.)ps used to define the signal range [+30,-30]
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Hypertriton lifetime with Pb-Pb at 5 TeV

"? c
o < F ALICE Preliminary
© N _ o C
§ — — ALICE Preliminary " 0.8F Pb-Pb |'s,, = 5.02 TeV
< I Pb-P =5.02 TeV -
o \I\ ’ obgﬁ| I5C())8 e 0.7 0-90%, Iyl <08
~ Rt - T= 223" (stat.) + 20 (syst.) ps
B 0.6
- 0.5F
0.4
10— q -
- | ™. 0.3
I +1.00 0.2
| ct=7.10], (stat.) = 0.50 (syst.) (cm) \ -
i T=237%° (stat.) = 17 (syst.) (ps) 0.1
|IIII|II||||||||||||||| 0:||||||||||| Co v o v by
5 10 15 20 o5 160 180 200 220 240 260 280 300
ct (cm) Lifetime 1 (ps)
ct spectra (default) Unbinned fit

e Fit to the ct distribution in the signal range
with function:
- signal: single exponential

- 237f§2(3tat.) + 17(syst.)ps - background: double exponential
T = 223735 (stat.) & 20(syst.)ps

e Exponential fit to the differential yield in
different ct bins
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Hypertriton lifetime with Pb-Pb at 5 TeV

— 0 500f
IE \9; |
S .
— 102 — GEJ ALICE Preliminary eliminary
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5 _
i Q- 300F
L i etmimimim s im s b im i
10— a @ lil
- 200} : T
- [ ct spectra unbinned fit
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B 100F
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i Lifetime 1 (ps)
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ct spectra (default.

e Exponential fit to the differential yield in n in the signal range

different ct bins with function:

- signal: single exponential
— 237+33(3tat ) 4+ 17(syst )ps - background. double exponential
- —36 : :

T = 223731 (stat.) & 20(syst.)ps
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Hypertriton lifetime world data

g 500F
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LR. J. Prem and P. H. Steinberg
- PR 136 (1964) B1803

New result at 5.02 TeV not included in the world average

Previous heavy-ion experiment results show a trend below the
free A litfetime

Result from Pb-Pb at 5.02 TeV: improved precision and value
compatible with that of free A
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Summary and perspectives

Production and lifetime measurements of the (anti-)hypertriton performed in
more centrality classes w.r.t. the results at 2.76 TeV and with improved
precision thanks to Run 2 data

Integrated yields are well described by thermal models

Recent ALICE hypertriton lifetime measurement shows an improved precision
and a value closer to the A lifetime with respect to the previous heavy-ion
results

Lifetime determination via 3-body decay channel will be important

New analysis approaches based on Machine Learning are ongoing (poster by F.
Fecchio)

New theoretical calculations for the lifetime are needed as well as more precise
measurements of the B,
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Longer term perspectives

Measurements with higher significance of anti-hypernuclel
will be possible in central Pb—Pb collisions in
Runs 3 and 4 also for A>3

§ ALICE Upgrade projection ,
~ Pb-Pb, |5, =5.5TeV (0-10%),B=05T .
%ﬁ —%He + n*
B.R. = 25% (*)
4G dga 4 o+

102 ___ H —He+n=

B.R. = 50% (*)

A0 8Os 4w +

‘He—="He+p+=x

B.R. = 32% (*)
" (*) theoretical

10F

Expected significance

............................................................

1072 10" 1 10
Min. bias integrated luminosity (nb™)
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Upgrade strategy

« Measurement of (anti-)hyper-triton yields and lifetime is an interesting
topic and nice inputs come from the heavy-ion experiment

« New measurement from HI experiments gives a shorter lifetime than the
expected free Lambda lifetime —# recently confirmed by ALICE at a new
energy (5.02 TeV)

« What about Run 3 & Run 4 of LHC? More statistics delivered (50 kHz Pb-Pb
collision rate)

~_ 70000
‘S’ - ALICE Upgrade
State dN/dy B.R. (Accxe) Yield < 60000 -
TH  1x10 % 25%  11% 44000 = - PoTD: Vo =5:5 T
1 ‘ - 0 o7 ~ 50000 Centrality 0-10 %
AH 2 X 10 50 /('-:: 7 /((-:' 110 -0(2 - Integrated luminosity 10nb’
4 ¢ —7 Q907 2 07 ‘ < -
O i
30000¢
ITS Upgrade TDR: J. Phys. G 41, 087002 (2014 i
Pg y (2014) 20000

10000} 2< p_< 10 GeV/c
- °H 5 %He+
P96 298 3 302 304 3.06
Invariant Mass(°He, ') (GeV/c?)
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Introduction: ALICE

Inner
VO |
Tracking
- Centrality System
At o * - Vertexing
- - Tracking
Time
Of —a-_
Flight Time
- Particle Projection
|dentification
dent Chamber
- Vertexing
- Tracking
- PID

e General purpose heavy ion experiment
e Excellent particle identification (PID) capabilities and low material budget

e Most suited detector at the LHC to study the (anti-)(hyper-)nuclei produced in the
collisions
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Particle identification in ALICE

Detectors used for (anti-)(hyper-)nuclei analysis:
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- Two arrays of 64 scintillators

ALICE-PUBLIC-2015-008 VOM amplitude (arb. units)

- determination of the
centrality of a collision
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