T
Ll i $75 3
b, L ng ‘(\. WS
T &N

Hypernuclei production at STAR

Yuanjing Ji
for the STAR collaboration
Lawrence Berkeley National Laboratory (LBNL)

The 37th Winter Workshop on Nuclear Dynamics

-~

Feb 27-Mar 05, 2022 .
P I/I\I / > Supported in part by
‘ g U.S. DEPARTMENT OF Office of

BERKELEY LAB

Bl =
2 g :
2 &)
s ©
TES O



Hypernuclei

Hypernucleus: A bound system of nucleons with = 1 hyperons.
* Investigate the Hyperon-Nucleon (Y-N) interactions.

* Important ingredient for the EOS of neutron stars and the hadronic phase
of heavy-ion collisions.
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STAR Beam Energy Scan Il program (BES Il)

* Map the QCD phase diagram in the region of 200 < gz < ~750 MeV
e Search for QCD critical point, 1st order phase transition, signature of QGP turn-off, etc

Collider mode: , ,
Sy =7.7 - 19.6 GeV SIS 1 Quark-Gluon
Plasma

Fixed-Target mode:

\VSNN = 3.0-13.7 GeV
high luminosity

Temperature

Hadronic Gas

Baryon Chemical Potential pg




STAR Fixed-Target collisions (FXT)

e Au+Au \VSNN = 3-13.7 GeV
* Fixed-Target collisions
* 3 GeV: 260M events in 2018

/Outline O

* Intrinsic properties

- 2H and AH lifetime, 7H decay
branching ratio, B, of H and ;He

 Production mechanism
- dN/dy of 3H and AH
e Collectivity

- 2iHand {H v,
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Abundant light hypernuclei produced
in high baryon density region!
PLB 697, 203 (2011) (Thermal Model )
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Fixed Target Setup at STAR

Event Plane Detector (EPD)

Fixed Target
z=2.01 m

Yellow beam

(dE/dx) (keV/cm)
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~H and yH reconstruction via 2 body channel

_ . _ ¢ aH - 3Hem™ AH - *He ™
* KF particle package is used for signal 2F Ausu colisions 10 % siDdi Fidk b 10 ;
reconstruction. %[ Ysy =3 GeV 6 11--Residualbgfit |
: < jEBEmers Lo L T - Dat 2 o ’
e Based on Kalman Filter method. > O 0-50% centrality 5 | T onits & = !
. . S | o T ' 4t O, ]
e All particles are described by = i (a)°H 2 It (b)*H E
state vectors (e.g. position and o [ A 208 302 1 ' A {39 394 |
Q # m[GeV/cy] T t m[GeV/c?
four momentum) as well as ® o5 ¢ + ! .
=5 ty T ; 1 0<p <4.0[GeV/c] ]
covariance matrix. 3 Lt 3 +
AR L S TR b ooy *w ........
O of T WJ{ __________ *+Mﬂ£++'++ﬂ++'+'+'+’f +‘+'+++++;H”+ﬁ _______________________ + ‘WM +++++++i+++ ++t
[ 5 % p 5 & 35 9 st & Fés ¥ 9 5 5 ! ;
* Decay channel: 2.98 3 302 39 302 394 39
iH N 3He m ~B.R. 25%’ man.[GeV/c ] m4Hen.[GeV/C ]
“H > “He ™ ~ B.R. 50% °r BEEEEE
. b BB ......... T BEECTC T 1,
* Background reconstructed by rotation = | _ . | . : _ . 10
of T~. Ez:_ ..... - - — - - L . — = — ] f
N T EaiEES BN e
* Good kinematic coverage in Au+Au 3 1_‘6 ............... —— S . . — T e
. - S z RE TR s ; A\ A
GeV collisions. ! E’ € H 1 () \H
..l l\!/: . . 1 L . H H -+ H » H I . . . l H 1
KF Particle Finder: M. Zyzak, Dissertation thesis, Goethe 0 _I1 _ol_5 (I) ol5 ; _I1 _ol_5 (IJ ol5 ;

University of Frankfurt, 2016 Rapidity y arXiv:2110.09513



Counts

3 : .3 _
AH reconstruction via y\H — pdm
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Candidates are reconstructed utilizing KF particle package to enhance significance.

,3\H binding energy: ~0.2 MeV, weakly bound.  Ba = (Ma + Mcore — Mypernucleus )¢
Combinatorial background is reconstructed by mixed-event method.

* Random combination of d + p + m and uncorrelated A + d.

Signals contain real ,3\H signal and kinematically correlated A+ d (A = pmt™).
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Counts
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AH reconstruction via y\H — pdm
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Candidates are reconstructed utilizing KF particle package to enhance significance.

,3\H binding energy: ~0.2 MeV, weakly bound  Ba = (Mp + Mcore — Mpypernucleus )¢
Combinatorial background are reconstructed by mix event method.

* Random combination of d + p + m and uncorrelated A + d.

Signals contain real ,3\H signal and kinematically correlated A+ d (A = pmt™).
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Counts
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AH reconstruction via y\H — pdm
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By = (MA + Mcore —

* Random combination of d + p + m and uncorrelated A + d.
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Candidates are reconstructed utilizing KF particle package to enhance significance.

,3\H binding energy: ~0.2 MeV, weakly bound.
Combinatorial background are reconstructed by mix event method.
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Signals contain real ,B\H signal and kinematically correlated A+ d (A = pmt™).

kinematic correlated A + d,
real AH S|gna| (\schematlc diagram)
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Estimation of real AH vield in reconstructed signals #

Topological variable: ypr =)(fl-t/NDF
 Whether daughters are from the same vertex.
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Measurements of hypernucle

Intrinsic prop
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~H and {H lifetime

Precise measurements of :H and {H lifetime.

« 7(3H) and t({H) are ~20% lower than

T(3H)

T(AH)

Provide tighter constrains on models and deeper understanding

T(N).

Early calculations assuming weakly
bound A: T(FH) ~ 7(A).

Consistent with data after incorporating
attractive pion final state interactions in
recent calculation.

Calculation based on empirical isospin

rule agrees with data within 1.
A. Gal, arXiv:2108.10179

in hypernuclei structure and Y-N interaction.

Dalitz et al (1966)

(a) 3 H Congleton (1992) (b) 4 H - A. Gal (2021)
A - Kamada et al (1998) A
- Gal et al (2019)
avesage -~ Hildenbrand et al (2020) average
e = 1
L s 1
' 1 A 1 1 A
E STAR (this analysis) o
' '[® STAR (this analysis)
== ALICE (2019) Ak
== STAR (2018) | === ! HypHI (2013)
= ALICE (2016) —&t H. Outa et al (1995)
HypHI (2013) ] 1
I e S. Avramenko et al (1992)
— STAR (2010) dls
e — G. Keyes et al (1973) —t—@—>  Philiips, Schneps (1969)
% G.Keyesetal (1970) ' Y. W. Kang et al (1965)
—— ' G. Bohm et al (1970)
. Prem, Steinberg (1964)
® Phillips, Schneps (1969)
. G.Keyesetal (1968) | — ¢ | N. Crayton et al (1962)
Prem, Steinberg (1964)
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Lifetime [ps]

STAR: arXiv:2110.09513




B and charge symmetry breaking

400 F . s : -
= el B Experiments in 1970s -
- @ Theoretical calculations NPA754(2005) ] | @ Theoretical calculations ]
350 [ =@ Experiment results ° Yl 300 [~ =@ Experiment results ® ]
*H+ A 0 *He + A [ =& This work NPA954(2016) ] -k This work ]
S [ - ABY(09)=0 ] - L - ABYT)=0 .
> 300 Projected Run21 = > 200 - Projected Run21 -
0.96 +0.12 E‘) i stat. uncertaint STAR 20213 9 B i i
.96 0. X o - y ° ] ~ B stat. uncertainty 4
i 1.15+0.06 1 T 1.0.19£0.130.07 ~ 250 | PLB744(2015) l = : 100 & PRL115(2015) ]
____________________________ + - = | -
| STAR Preliminary b N PLB744(201
= 200 E PLB744(2015) E ) E e 1o e | ]
1.09 £ 0.02 1.41£0.003 I - . o 0 ‘_(.) _______________________________ MEASG)
< 150 E <] E . LNP724(2007) STAR 2021 ]
o9 sl sere il o it - o ] - MLN98(1999 .
. 2.24 +0.06 oa,é;,_ $013+£0.13+£0.07 - LNP724(2007) PRL116(2016) x : -100 | ( ) © ]
2.37£0.12 100 | o = n PRL116(2016) :
4 o PRL.88(2002) ] " ST4R oy .
4 = n N _
tH tHe sof . . E 200 [ T | il -
B, [MeV] [ MLN98(1999) NPA914(2013) N B .
O [Ferseresennnnencsnenantacnsnsannansaasarassnsannnesensnsansabennnes ol -300 [ _
Bo(3H) = 2.24 + 0.06(stat) £ 0.18(sys) MeV : : - ]

BA(XHe) = 2.37 + 0.12(stat) + 0.14(sys) MeV
AB%(0%) ground state ABZ(1%) excited state

* Abinding energy By = (MA + Meore — Mhypernucleus)cz~
* Non-zero B(A) difference between yH and {He: AB}= B(A) 4ye- B(A) 3y due to charge symmetry
breaking (CSB).

* The result indicates that CSB effect in ground and excited states may be comparable and opposite in
sign.



~H Branching ratio R

>99% of 3H — nN: AH — 3Hen~ (3Hn°) ~ 33%, ;H - ™ pd(n°nd) ~67%.

* Sensitive to B, from recent theory calculation.

F. Hildenbrand and H.-W. Hammer,
PRC 102, 064002 (2020)

* Bj:direct constrain on Y-N interaction strength.

Improved uncertainty compared to previous measurements

STAR: Nature Phys. 16, 409-412 (2020)
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Measurements of hypernucIGeelV
production yields in Au+Au 3
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Production of H and yH in Au+Au 3 GeV

=109 \ -ENne°
5] (a) 0-10% Lo (b) 10-50% 55
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Rapidity y

* First measurements on rapidity dependence of hypernuclei yields in heavy ion collisions.
* Coalescence models with tuned parameters qualitatively describe data.
* Transport model (JAM) with coalescence of all hadrons as afterburner.

STAR data: arXiv:2110.09513  Coalesc.(JAM): PLB 805, 135452 (2020)



Energy dependence of hypernuclei production

* Thermal model describes yields of 3H at ® Au+Au0-10% (STAR)  @10°7F
. 1— -10° ; //
both RHIC and LHC energy, while . i PRt (LICE) g -
underestimates that of tH at 3 GeV.
, 1072
* Hadronic transport models JAM and & -
PHQMD calculations reasonably reproduce CVS
both 3H and {H yields. >
e JAM: baryonldc T?ej?)_fljld approach. 2 - S g : /
* PHQMD: modelle ensit > — Hybrid URQMD  y , .1
Q y . y . % — Coalesc. (JAM) 210 g Vsyy = 3.0 GeV
dependent 2-body baryonic potentials. 102 | --- Coalesc. (DCM) & [ —— I
e Thermal £ sy
gy, o PHQMD  x10°F _ _ ... momimmisisi il
 DCM consists with 2H yields while ook 7% . e N
underestimates j‘{H yields, possibly due to - . B.R. (4H->*He+')
the choice of coalescence parameters. { ©. (b) AH
10_4 - “‘, ““
DCM: PLB 714, 85-91 (2012) e 100 1000
Thermal model: PLB 697,203-207 (2011)
PHQMD: arXiv:2106.14839, arXiv:1911.09496 ISy [GeV]

JAM: PLB 805, 135452 (2020) arXiv:2110.09513



Measurements of hypernuclei
collectivity in Au+Au 3 GeV
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Directed flow of light hypernuclei vs rapidity

Au+Au \VSNN= 3 GeV

Directed Flow v,

* First observation of hyper-nuclei collectivity v, in heavy-ion collisions.
* Hyper-nuclei v, follows baryon number scaling within uncertainties similar as light nuclei v,

el ] ' | ' U l | | ] | |
- . € e 4 —— 4 —
. ’ . "He . 'He
3 | SH e 4H it
27 ’He A 2 & *He A . *He
// /// d {;, d I'////, d
D o > s .;/ ’
O 5'— 5 o > b 4 —_— _// —_
. ,//4//, . D ’/’,
/7 v -~ e = = (4. ,’ i /’.’./ /’ 2
B STAR preliminary | ,~#.-" __--"P P P
oA Vi Vi
S - ' & Ad
0.0 .....,’— v i A
L 3 #
- -.". Centrality: 5-40% d: & Centrality:5-40% 47 ® Light nuclei
® : ¢ 2
—0.5F -+ . + @® 2-body decay * s P |
. 4 4
* A 3-body decay ¢ d 4
P A e v "He
& === fit result o ‘ge
-1.0 —+
| | | | I | I
0.5 1.0 - -0.5 0. 0.5 1 0.5

1 0
Particle Rapidity y

in Au+Au 3 GeV collision at 5-40% centrality.
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Directed flow slope of light hypernuclel

]

Mid-rapidity v_. Slope
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Au+Au Collisions at RHIC

| ‘He.
Energy: |sy =3 GeV 5
| Centrality: 5-40% t |Lo# "/' +
3. O 4
Hed AH
— p 4 8 % H
d g 2
- O
L 8 0 Light nuclei
v A. B Hyper nuclei
L — - = Linear fit for light nuclei |
STAR Prelimininary

Mass (GeV/c?)

* The slopes of v, for hyper-nuclei

follow the baryon number scaling in
the 5-40% 3 GeV Au+Au collisions.

* Coalescence of hyperons and
nucleons is a dominant process for
hypernuclei formation at mid
rapidity.
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Ssummary

* Abundant light hypernuclei (,3\H and j‘{H) produced in Au+Au 3 GeV collisions.

* Provide stronger model constraints and deeper understanding of the Y-N interaction strength.
* Precise lifetime measurements of 3H and ;H.
* 7(3H) and T({H) are ~20% lower than 7(A).
* Precise branching ratio R3 measurements on 3H.

« Measurements on ABy= B(A),‘{He' B(A),‘{H indicate that charge symmetry effect in ground
and excited states may be comparable and opposite in sign.

* First rapidity dependence of dN/dy and directed flow v; measurements of ,3\H and j‘{H in heavy-ion
collisions.

e Qualitatively consistent with coalescence prescription.
* Give insights into hypernuclei production mechanism.



Outlook

* High statistical data in STAR BES Il

VSny =3.0-27 GeV arXiv:2110.09513
* Expected ~ 8 times statistics of Au+Au 3 GeV T T S—
. . . 1~ 0 Pb+Pb 0-10% (ALICE)
collisions in Run 2021 (5= 3.0 Gov

B.R. x dN/dy(|y|<0.5)
Q

* Energy dependence of production yield and flow 2
. . . Vv
behavior of light hypernuclei =R R S — P
3 4 4 5 -S‘ Cenltral Au+Au ’Ig _______,l__--
AH' AH' AHe’ AHe % :gzggg?ﬁ% L10°F  (s=3.0GeV
Coalesc. (DCM) §‘  aame———" —
------ Thermal % —
. ] PHQMD  x10°F | oo muti it
* Precise Hypernuclei property measurements “ P et
3 4 . . . . BR. ({H-*He+r)
* e.g. AH, AH branching ratio, binding energy . (b)}H
* Search of double A hypernuclei S [GeV]

e.g. arHe-> tHem, \2He -> Hen
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* back ups
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Correlated Ad contamination in 7H signal

* Ad may have kinematic correlations according to theory calculation.
w1 P(Ad)
Clk )_P(A)P(d)
No correlation -> C(k*)=1

k* -> relative momentum between A and d

, p is the possibility of finding particle

PRC 102, 034001 (2020)
5 NE LA BRI BT LI

20 ot
1 8“3‘ — 25 (Cobis) 1
singlet + triplet — 25+4S(E) 1
16 -\ — 25 +4S (f) -
125 -
X B
C 10% R =2.5fm




Correlated Ad contamination in 7H signal

* Ad may have kinematic correlations according to theory calculation.

* When Ad C(k")>1 at k™-> 0, peak structure is formed near M(A) + M(d) threshold.
« M(A) + M(d)~2.9913 GeV/c2, M(3H)~2.991 GeV/c2.

-> Correlated Ad could residual in real signal even after subtracting combinatorial background.

From A(MC)+d(data) embedding

PRC 102, 034001 (2020) 500510 e
O e I R L L L - ' | .
18k — 25 (Cobis) ] - C(k*)-1 .
i i i — 2S+4S(E) 1 . 400 -
16 F} singlet + triplet — 23143 ﬁf)) 3 Set C(k*) weight on - .
: —25+45) 3 yncorrected A and d 300 -
o - i
: 200~ =
R=25fm C ]
F 100~ -

singlet E o |

9

: 1 | | I | | L1 11 | L1 1 I | | 1 I | [ | | L1 11 | | ) | | | B |
. . . E 295 296 297 298 299 3 3.01 3.02 3.03 3.04 3.05
75 100 125 150 Mass(Ad) GGV/CZ
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