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“HI collisions
s for 3-body decays

- hypernuclei
* Measurements of B, | V[ - C access to the hyperon-nucleon interaction

/ I.VASSILIEV BNL 12.06.24



Quark-Gluon
Plasma

QM2017

Temperature

Most precise data to map the QCD phase diagram g f'%:%
3< /Syny <200GeV; 750 < up < 25MeV

&

Baryon Chemical Potential pg

Au+Au Collisions at RHIC

Collider Runs Fixed-Target Runs
Vsyy (GeV) | #Events Ug Run

1 ~ Run-21

2 r Run-21

3 v Run-21

4 0 MeV Run-18, 19, 20

5 440 MeV Run-18, 20
6 106 6 OM 490 MeV Run-20
B s 256 7 13. 100M 540 MeV Run-20
8N 146 340M  262MeV  Run-14, il 4509 110M 590 MeV Run-20
B s s7Mm  316Mev  Run-10,20 [JEl] 39(73) 120M 633 MeV Run-20
10 9.2 160M  372MeV  Run-10,20 3.5 (5.75) 120M 670 MeV Run-20
o 7.7 104M 420 MeV Run-21 3.2 (4.59) 200M 699 MeV Run-19
] 3.0 (3.85) 2300M 750 MeV Run-18, 21
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iTPC:

» Improves dE/dx

» Extends 1 coverage from 1.0 to 1.5

» Lowers pr cut-in from 125 to 60 MeV/c
7 Ready in 2019

i

200 -100 100 200
Z [cm]

*  The structure with R = 2 cm (beam position) is formed by pileup.
Interactions with the pipe material and support structures are clearly visible.
*  Tracks from these vertices lead to higher background, especially in 3-body channels.

Solution: We reconstruct vertices from pileup and interaction with the pipe. Tracks from these vertices are removed from

further consideration. The procedure allows to noticeably reduce the background in 3-body channels.

a

eTOF:

» Forward rapidity coverage

» PIDatn=09to 1.5

» Borrowed from CBM-FAIR
» Ready in 2019

KF Particle package (M. Zyzak)
X. Ju et al. Nucl. Sci. Tech. 34, 10, 158 (2023)



TPC + TOF
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« The dE/dX spectra for v/syy = 3.5 GeV fixed target mode. =, p, d, t, *He, *He particles
and heavy fragments up to ’Be are clearly seen.

» About 30% more deuterons selected with eTOF, low rapidity region covered by eTOF




Event Builders

HYPERNUCLEI IN STAR WITH EXPRESS ANALYSIS

Express Production

(selection) jobs on HLT farm
(300-500 job slots)

Trigger on He has been

infroduced to enhance
hypernuclei.

DB: Job and file Status
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—+

]

HLT Good Events

AuAu HLT triggered events at 3 GeV

Production Controller:
+ submit jobs
track job status

Read: 2GB/s i
Write: 1GB/s (Q) Distributed
(extendable) ceph

E

xCal, xProd, xPhys = -
> June 2021 (mb+He tr) 10
=,
e
Tz 100 STAR Preliminary
% Express Stream Production 10°

Capacity: 30TB
(extendable)

Full chain of express production and analysis has been running since 2019

Save HLT good events to a local disk directly
PicoDst files produced in hours (collisions) or days (FXT) after data taking
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ON

2018-2020, 2021x FX

3 — _ 2 — _ 2 3 — _ 2 A .
" x10 M = 2991.2 M2eV/c " M = 2990.9 M2eV/c " f<10 M = 39225 M2eV/c Hypernuclel are reconstructed w
0 o=17MeV/ic® S$=33139.4 & | o=1.4MeV/ic? S=777.8 2 o=1.7MeV/c® S=33115.8 ) )
E - S/B=0.06 S/{S+B =442 E 1 S/B=0.71 S/YS+B=18.0 E S/B=0.34 S/{S+B=914 KFParticle Finder
- 400+ 20+ } .
, SH—Hern , 3H—dpn ; ‘H—>*Her in following decay channels:
501 L
2007 10r AH > 3He+n
I 4 .
I ' A H —> 4He + 7T
o-L— b — 0 : P T e 0~ T —
3 31 3 3.1 3.9 4 4.1
m,  {*Hen'} [GeV/c?] m,  {dpr} [GeV/c?] m,, {*Her’} [GeV/c?]
. — M =23922.1 MeV/c? . — M =3921.6 MeV/c? . — M= 4839.8 MeV/c? /3\ H > d+ p+m
21001 c=1.2MeV/c® S=157.3 27 o =15MeV/c* S=14324 £ c=15MeV/c* S=266.5 4
J E i S/B=1.89 S/YS+B=10.1 L‘E S/B=2.48 S/YS+B=32.0 E | S/B =283 S/{S+B=14.0 A He — 3He ar P + 7T
4 - 500~ 4 3 - B 5 4 - 4 4
AH—tpn _ rHe—"Hepn 100 “He—"Hepn A Ho t+p+ =
50,7 r L Data: STAR Preliminary 5
Express Stream Production
A’JWM | JL*MM | Mil“e””’”““ﬁoﬁ l AHe—>"He+p+mw
I L L L L L Medle 1m0 | L L L L L L 1 | M‘Nj\ L L | Bt et | L L
0 3.9 4 4.1 0 3.9 4 4.1 0 4.9 5

m. _{*Hepn’} [GeV/c?]

mny

m, {*Hepn'} [GeV/c?]

my

m__ {tpn’} [GeV/c?]

mv

» Updated set of hypernuclei measurements in the

high-baryon-density region with high statistical precision
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0-10% collisions ¢ Au+Au (2022)

B Au+Au (STAR prelim.)
¢ Pb+Pb (ALICE)
STAR Preliminary

Assuming B.R. (iH

—=%He + 1) = 25%

“~. Pb+Pb
2 76TeV

==Thermal-FIST ?
—UrQMD+Coal.

3 4567810 20 30 40

V'Sny (GeV)

Thermal-FIST, Coal.+UrQMD: T. Reichert et al, PRC 107, 014912 (2023)
Pb+Pb: ALICE, PLB 754, 360 (2016)
Au+Au: STAR, PRL 128, 202301 (2022)
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/3\ H yield at mid-rapidity increases

about factor of 102 from 2.76 TeV to
3 GeV

Thermal model reproduces the trend, but
does not quantitatively describe the

yields of /3\ H and ;‘\ H

New data provide first constraints for
hypernuclei production models in the
high-baryon-density region

* Interplay between:
« /Syn |, baryon density T, yields T

* /Syn ¥, strangeness canonical
suppressionT, yields |

4




'\, CENTRALITY DEPENDENCE OF x H PRODUCTION

The yield in mid-central (10-40%)
collisions follow the same trend as central

10-40% 0-10% collisions (0-1 O%) collisions
N Bl Au+Au (STAR)

[ ] @ Au+Au (STAR preliminary)
¢ Pb+Pb (ALICE)

New data provide first constraints for
hypernuclei production models in the
high-baryon-density region

.
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3 4 4
: 2 H, X H& 4 He PRODUCTION

10° Au+Au Collisions, 0-40% » First measurement of dN/dy of hypernuclei in

- sy =32 GeV - HI collisions
0540 . /3\ H, 7\ H yields obtained

- 1<p <4 GeV/c

S as a function of PR
WAl o, rapidity and centrality A=4: sH, AHe (Au+Au m =3-3.5 GeV)

i sl 0? pa 10

L AutAu (S, = 3.0 GeV L AutAu (s, =3.2GeV | Au+Au s, =35 GeV
0-10% 0-10% »~ . 0-10%

Counts per 2 MeV/c?
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A=3: RH (Au+Au /Syy =3-27 GeV) Z STAR Preliminary

L 1
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AurAu {5, = 3.2 GeV

__Boltzmann fit Au+Au Collisions, lyl<0.5 iH i ' A ﬁ; 3.0 GeV
STAR Preliminary | 10-40% i 10-40% [
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s 10-40%
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Dalitz et al (1966)
Congleton (1992)
Kamada et al (1998)
Gal et al (2019)
Hildenbrand et al (2020)

HADES preliminary
ALICE (2022)

STAR (2022)

ALICE (2019)

STAR (2018)

ALICE (2016)

HypHI (2013)

STAR (2010)

G. Keyes et al (1973)
G. Keyes et al (1970)
G. Bohm et al (1970)
Phillips, Schneps (1969)
G. Keyes et al (1968)
Prem, Steinberg (1964)

HADES preliminary

PLB 845(2023)138128 (JPARC)
PRL 128(2022)202301 (STAR)
NPA 913(2013)170 (HypHi)
NPA 547(1995)109

NPA 547(1992)95¢

PR 180(1969)1307

PR 139(1965)B401

PR 136(1964)B1803

ICHEP (1962)460

4
+He
STAR preliminary

PRC 76(2007)035501

NPA 639(1998)251¢

400 500
Lifetime [ps]
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HYPERNUCLEI LIFETIMES

EPJ Web Conf. 259(2022)08002
—— Exp. average 4 H
A

/3\ H, f\ H lifetimes shorter than

T, (with 1.80, 3.00 respectively)
Consistent with theoretical calculations

including pion FSI
A. Gal et al, PLB791(2019)48

Tavg AH

—wii—= 0,92 £ 0.06,

Tav,g AHe

consistent (3.00 ) with the theoretical

estimation: 0.74 + 0.04
A. Gal (2021), arXiv:2108.10179

ALICE H3L lifetime (2022) arXiv:2209.07360
HADES H3L, H4L lifetime (preliminary) S. Spies (HADES), QM2022
JPARC HAL lifetime (2022) arXiv:2302.07443

t(\H) = 221+15(stat) +19(syst) [ps]
t(\H) =218+ 6(stat) £ 13(syst) [ps]
t(\He) = 214 £ 10(stat) + 10(syst) [ps]

STAR Xiujun Li, SQM 2024
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HYPERNUCLE LEI AT 3 GEV

Thermal expectation: —y ~ exp(— —)

AU+AU 3 GeV, lyl<0.5 Thermal-FIST
— ® 0-10% ---With 1H" feed-down
O 10-40% --:No $H" feed-down

STAR preliminary

0-40% Au+Au collisions
STAR Preliminary

F

— ¢ 3.5GeV x 10*

———¢ 3.2 GeV x 102

<
]

4 4
I\H J\He

—— p,xe""'Fit .

— — JAM + Coalescence BVR'(iH_f‘;x;"f I
[] PHQMD soft EoS BR.(*H-s *He + ¥) = 50%
] PHQMD hard EoS B.R({He— "He +p + x) = 23%

PR Y T | I T | [ T N N N N AN NN NN T N

2 4 i 2 3
Mass (GeV/c?) Mass number A

Non-monotonic behavior in light-to

Assuming B.R. rsf"‘H—ﬂ“*Hem) =05%(50%)

__] Il ll II l| II l] II II II II Il Il l] ll T

Yield ratio of hypernuclei to nuclei

SH+ A ‘He + A

Thermal /coalescence models predict approximately

h o lei ti A ob d 1.0670.08 1+ 0.98420.05
exponential dependence of yields/(2J+1) vs A B NICHIOTYS A observe . Looraoos

- ¥ * -0.083+0.094

Data support creation of excited A=4 i 140640003

A 4
2.157+0.077 Y s t 0.233:0.092

hypernuclei from heavy-ion collisions O FE:008
AH AHe

TH*(J" = 1) » 4HJ" = 0) +7 B, (MeV)

factor 6 above fit for ;{ H, ;{ He
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H EV

[ [
AutAu Collisions at RHIC

Energy: |so =3 GeV & - Au+Au 3 GeV
< - 0-10% collisions

Centrality: 5-40%

—
o

— STAR preliminary

T

Data Model
mm— UrQMD

- > 1AM

o
&)

O Light nuclei, y=(-0.1,0)

® A, y=(-0.1,0)

B Hypernuclei, y=(-0.25,0)
Linear fit for light nuclei

3 4
Mass [GeV/c?]

Hyper-nuclei

Mid-rapidity (p_) [GeV/c]

Light-nuclei O

3
Particle Mass (GeV/c?)

> First observation of hypernuclei collectivity v, in HI collisions

> v, slope follows mass number scaling in 5-40% 3 GeV Aut+Au Dominance of collective radial motion
collisions, similar to light nuclei

» coalescence is the dominant production mechanism

Phys. Rev. Lett. 130, 212301 (2023)
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« STAR observed %H in 2023.

* Benefit from high energy heavy ion collisions (ug — 0).
* The heaviest observed antimatter nuclear and hypernuclear cluster to date.

STAR Yuanjing Ji, SQM 2024

Discovery of A=4 anti-hypernuclei
| STAR Ng: 15.6:4.7
150 4 Npg: 6.4:0.3
N equiv. Gauss N : 4.7

o r ‘ Datasets used:

":E; 10/~ * 200 GeV collisions
signal candidates 8 I : ?::Z?:’JRU+RU
el : 5._ * 193 GeV collisions

4 ----- signal+background fit - h l. | . U+U
2.95 3 3.05 3.1 oL -319- b 3 §5I - lll :
F - 2 [] []
He + " Invariant mass (GeV/c?) ‘He + x* invariant mass (GeV/c?)
*H - “He +n* zH - “He + ™"
Science 328 (2010) 58-62 arXiv:2310.12674, submitted to Nature
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orrelation
our value: 0.164 + 0.043 MeV

—o———— STAR Preliminary « Femtoscopy method

ALICE, 2023 (Heavy lon Coll.)

> STAR, 2020 (Heavy lon Caoll.)

M. Juric, 1973 (Emulsion) | STAR Pmlim’.n'ary .
. > G. Keyes, 1970 (Bubble Ch.) Au+Au \syy = 3 GeV
Aﬁ K. Chaudhari, 1968 (Emulsion) d-A .

. { C. Mayeur, 1966 (Emulsion) -e- Data

\ =) - L-L fit (total) A . . dsddts

: .--- Doublet 40 60 80 100 120

| R. G. Ammar, 1962 (Emulsion) 0 i i i
. ev/c |
{ Y. Prakash, 1961 (Emulsion) [ 1 - i 5
clei.kph.uni-mainz.de, 12.6.2024 : Preliminary

k* (MeVi/c) Scattering Length f; (fm)

T T
p-A ]
. @ Model
= Data 1o
Data 20
Data 30

T
1
1
1
'
1

i EENEE AN

1
1
]
H d'A &
1
| . % Models
1 . mm Data 1o
= Data 207
(T): Data 30
1
1
1
1
1

@

Probability density [(MeV)™]

N W A~ 00 OO N

1

Effective Range d; (fm)

p-A (spin-avg)

—

o

2H A binding energy [MeV]

A H A binding energy to be 0.04 to 0.33 MeV at 95% CL

Provides a new method to study the hypernuclei structure in the HI collision experiment

arXiv:2401.00319v1 [nucl-ex] 30 Dec 2023 3
Due to its very small binding energy, AH production provides unique input for

theoretical models (R ~ 5 — 10 Fm) and production mechanism (coalescence)
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Hydrodynamic
Evolution ’ Pre-Equilibrium
Phase (< 1)

b) with QGP
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