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Introduction

e Hypernuclei can be used as experimental probes to study the jl\H
hyperon—nucleon (Y-N) interaction
n
n
e EOS of high baryon density objects, e.g. neutron stars OO
H
e Why heavy ion collisions (HIC)? Proton no- (2) A hypernuclear chart A )
] B 4] o AHe
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their anti-particles may be AB | VB| AB[\B, O O)
. . [ O o
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— Potential for high s os 8 & —° S
. H | 4H H
precision measurements BN A .
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e
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Measurements on hypernuclei lifetimes, binding energies, and
branching ratios can provide constraints on the Y-N interaction
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Hypertriton lifetime “puzzie”

® World average of measured 7(H) is shorter compared to 7(A)
by ~(30 % 10) %

® Tension between recent measurements, albeit with large uncertainties

® 1.70 difference between STAR(2018) and ALICE(2019)

ALICE, Phys.Lett. B 797(2019)134905
STAR, Phys. Rev. C 97(2018)54909

measurements

® Due to loosely bound nature of JH(BAo~O(0.1MeV)), theory typically
expects 7(H) to be close to 7(A)

More precise measurements of the O
hypertriton lifetime is necessary to
clarify the situation
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STAR Beam Energy Scan I

BES-II B. Donigus, Eur. Phys. J. A (2020) 56:280
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STAR Fixed-target Experiment Setup
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Hypernuclel reconstruction

x10°
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e Time Projection Chamber (TPC) is used for 3 | PHAR arivizzo7.00778
particle identification ~ 3000 {H candidates
~ 7000 j‘\H candidates
e Hypernuclei are reconstructed using the
following decay channels:
"H—->"He+z~ S H-od+p+7a~ e Combinatorial background estimated via

f\ H — “He + 7~ jt\ He — 3He +p + 7~ rotating pion tracks or event mixing
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Measuring hypernuclel lifetimes

1. Measure the signal counts as a

function of L/By
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L/By = ct

L: decay length
t : proper time

3. Fit with an exponential function

to extract the lifetime

N(t) — Noe_t/T —

—L/pyct
Nye

2. Correct for efficiency as a function of L/By

® From GEANT3 simulations

® MC hypernuclei

embedded into real data

® Apply additional weighting
to simulations to describe pr
and rapidity distributions in

real data

® Simulations 2500;
provide gOOd 20003—
description of _
various
topological
variable
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Measuring hypernuclel lifetimes (cont.)

-1 — \ = — = imi
107>, b ® ys.,=3.0GeV, STAR (2021) - ¢ Vs = 3.0 GeV, STAR Preliminary o o A |5 =30GeV,Data —
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STAR, Phys.Rev.Lett. 128(2022)20,202301 L/ ﬁY [Cm] E'E
S
. 3yy 417 4 . e dN o
e[ ifetimes of AH, H., " He extracted via exponential fit to AL/ distributions
Y

eExtracted A lifetime 267 *+ 4 [ps] consistent with PDG 263 + 2 [ps] t(3H) = 221 + 15(stat) = 19(syst) [ps]

t(AH) = 218 £ 6(stat) + 13(syst) [ps]
t(AHe) = 229 + 23(stat) £ 20(syst) [ps]

. ?\H, *H lifetimes from 3.0 GeV consistent with 7.2 GeV analysis
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Estimating possible contamination of hypernuclei signal

*(a) Contamination from mis-particle-identification
e.g.:
e Energy loss in TPC (dE/dx) is used for particle identification . A -
1H — "He + 7~ g |
e At high momentum, 3He band merges with ‘He e § “'
v 2
° ?\H may be mis-identified as ?\H, and vice versa SHe +n~ — 3 H
e GEANT simulations used to estimate such contamination (<1%)
p/q (GeV/c)
. . (-100,-50) (-30,30) (50,100)
¢(b) Contamination from 3+body decays o B
’% - —%H > He+
* Hypernuclei 3-body decays may give s 3°0F -
: : : S [ —'He - °He+mw+p
rise to correlated backgrounds in pair e.g. T 300 s
invariant mass distributions _ > el
f\He —> 3H€ + 7 |+ P £ 250;
e GEANT simulations used to estimate = 2%
the resultant correlated background 3' 190
AH 100~
eSituated on the left hand side of F
the main signal peak
: ° GEANTSimulationSOf > OE|||||||||||||||||§]|||:||||||:||§|||;||||||
*<1% effect on lifetime measurements correlated backgrounds 294 295 296 297 298 299 3 3.01 3,02

M., [GeV/c?]
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Systematic uncertainties

(1) Hypernuclei candidate selection

® Imperfect description of topological variables between

Summary of systematic uncertainties for the

lifetime measurements using 3 GeV data

simulations and real data Lifetime
Source SH *H
2) Input MC pr/rapidit . . . A A
(2) Inp PT/Tapiqity Hypernuclei candidate selection 5.5% 5.1%
® Imperfect knowledge in the kinematic distributions of the Input MC 3.1% 1.8%
h lei . . | |
yperiuciet Tracking efficiency 5.0% 2.4%
Signal extraction 1.5% 0.7%
3) Single track efficienc .
(3) Sing iclency Extrapolation N/A N/A
® Possible mismatch of single track efficiency between Detector material < 1% < 1%
simulations and data Total 8.2% 6.0%
(4) Signal extraction 5 5
® Uncertainties related to the background subtraction technique s P,
S I N R
(5) Detector material NI _____________________ 03
e > H is a loosely bound object (BA~O(0.1MeV)) AN T
« Coulomb dissociation as it traverses through material D |
| _— _____________________ Survlval prob.
‘MC Stlldy base d on analytical dissociation CTOSS section 0'5i _________________ ______________________ _____________________ - for ?\H estim ated
to estimate survival probability 0 —0.8-06-04-02 0 from MC study
yCM

V. L. Lyuboshitz and V. V. Lyuboshitz, Phys. Atom. Nucl. 70, 1617 (2007)
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A=3 and A=4 hypernuclel lifetimes

3, Dalitz et al (1966) A. Gal (2021) A e °H,%H lifetimes shorter than t(A) (with 1.80,
- - Congleton (1992) .
AH .. Kamada et al (1998) average AH 3.00 respectlvely)
- - Gal et al (2019) Il
average _ - Hildenbrand et al (2020) : l]j A STAR (2021) 3 H
,": A E— HypHI (2013) A
| STAR (2021) |
([ —e—— H. Outa et al (1995)
| | o () —
e ALICE (2019) I . Avmenko ot al (1962 Global avg.= (82 = 5) % 7(A), shorter than t(A)
[==111. STAR (2018) o>  Phillips, Schneps (1969) (350' )
= ALICE (2016) > Y.W.Kangetal (1965) e Consistent with theoretical calculations
IZ:TTL HypHI (2013) ® : : > Prem, Steinberg (1964) . 1 d . FSI
= STAR (2010) an Imnciu 1ng plOn A. Gal et al, Phys. Lett. B 791(2019)48
[ ° Ak N. Crayton et al (1962)
I : ° G. Keyes et al (1973) Y
* G. Keyes et al (1970) average 4 H 4 H, 4 He
—e— i i G. Bohm et al (1970) l A A e A
T[T T ety 2t STAR preliminary e Application of isospin rule* to A=4 hypernuclei
| E ° G. Keyes et al (1968) —E—o—:r J. D. Parker (2007) lf . f 4 H b h h 4 He
< Al Prem, Steinberg (1964) | L Outa ot al (1995) suggests lifetime ot AN to be shorter than
|||||I:|:IIII|||||||||||||||||||||||:I:I|IIII||||||||II Tavg(iH) 1 .hh .
50" " 500 500 400" 500 50 500 800 400 E00 * - o) = 0.85+0.07, consistent with theoretical
Lifetime [pS] star, ph o
, Phys.Rev.Lett. 128(2022)20,202301
estimations: 0.74 £ 0.04 A. Gal, EPJ Web Conf 259 (2022) 08002

New ; H, 2H results with improved precision
* [(1He » *He +17°) 1

compared to previous measurements FGH - ‘He+717) 2
A
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Charge symmetry breaking (CSB) in A=4 hypernuclei

e Charge symmetry — expect Ap and An interactions to be

very similar
J-PARC E13, Phys. Rev. Lett. 115 (2015) 222501

)c? of "H+ A 0 "He + A

eThe A blndlng Eenergy B, = (M, M oo — Mhypemucleus

mirror hypernuclei expected to be similar *He(K",n")
(p=1.5 GeVic)

0.98+0.03 1+/

e Previous measurements using imaging techniques reveal

o o o _I_ ',»'/x' . _I_

large binding energy difference between “*H and 4He 2 12

A A Ey=1.09 Fom1.406

T +0.02 r=1.406 '/BH
400+ — S0002 / He
AB}(0%) = 350 % 60[keV] - iy
2.04%0.04 v
4 Yy 0
Na 2.39%0.03
4
v He
B, [Mev] *

e The origin of the large charge symmetry breaking is a
long-standing puzzle

n . n
* Measurements from independent experiments is O O O%

needed to confirm this observation
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Measuring hypernuclel binding energies

Energy loss correction

pmeas _ pMC (GeV/c)
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*Energy loss in the material is particle

o  “He without energy loss correction

a  “He with energy loss correction

— fit

>3}
>)
H)
£
o
~i

1 2

3

N
(@)

p™eas (GeV/c)

Correction to magnetic field strength

A Invariant Mass [MeV/c?]

16.4 IIIIIIII I I 1 1 1 I 1 I 1 I I 1 1 I T
—H— w/o corrections
=— w/ corrections + daughterx0.998
16.2 — PDG Mass ]
Mass in full p range ]
e W—
15.8 : T
— —
15.6 — |
154 I YT N T N NN SO SO W I I N
0 2 3 4 5
p [GeV/c]

mass

species dependent

*STAR track reconstruction applies an
energy loss correction assuming all
particles to be pions

e Additional energy loss correction for p, 3He
and 4He estimated via GEANT simulations

140 ;_....“.“.T.(.)t.al.ﬁ;.. B Ibl)l | —;
. c\’nc: P Signal fit -
oDlscrepancy S [ - - - Background fit % o |13
S 0 % g AT el
between true and — wf S T
. . B N : Jo 4 .
nominal magnetic g *"g’ s0 L % A -
) o - -'.- 5 il o a
field strength O wf df U -
e Estimated to be DE Lo -
. =P S B B T

02% from A o 3.9 3.91 3.92 3.93 3.94 3.95

M(°He + p + ) (GeV/c?)
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STAR, arXiv:2207.00778

Correction applied
to all daughter
tracks

* Peak position
obtained via
fitting

¢ Gaussian
shape
assumed for
signal

12



A=4 hypernuclel binding energies

| 1 I LI DL L I LI L L I LI DL L I LI DL L I LI L L I LI DL L I LI DL L I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I I 1 I 1 I
: STAR (2022) STAR (2022) . SH + A SHe + A
. ¥ a) aa . b)
: N Pé954(201 6) NPA954(20 a 6)
: NPB52(1973) . PRL115(2015) 113+ 006 +0.14 097013 ¢ 0'1?__
' L =1 . . 1 1-016+£0.14£0.10
I | Experiments in 1970s | R e
! ® PRL116(2016) i
! ® PLB744(2015) | @ PLB744(2015)
: ® NPA914(2013) o Theoretical calculations : ® PLB744(2015) + Yy e _____
! ! 0 16 +0.14 + 0.1
 LNP724(2007) @ B Previous experimental results LNP724(2007) " e, 2.22 +0.06 + 0.14 0* 8 Al 010
. ® PRL8B(2002) | —— This work PRLES(2002) @ - - AB}(1)=0 ) 2962015012
! ® MLN98(1999) ---- AB(0)=0 MLN98(1999) @ ! AH v AHe
[ I [ [ I L1 1 1 I L1 11 I L1 11 I L1 1 1 I L1 11 I L1 11 I L1 1 1 I [ [ [ I [ [ [ [ I [ [ [ [ I [ [ [ [ I [ I [ [ [ [ I [ [ [ [ I [ [ [ [ BA (MeV)
0 50 100 150 200 250 300 350 400 -300 -200 -100 0 100 200 300 400
A B3(0") (keV) A BT (keV) A 04+ 0.06 £ 014
STAR, arXivi2207.00778 B,\(\H) = 2.24 £ 0.06(stat) £ 0.14(syst)[MeV]
: .. 4 _ "
e Charge symmetry breaking recently proposed to originate from CSB Bj(zHe) = 2.38 + 0.13(stat) £ 0.12(syst)|[ MeV]

A-ZO lelng verteéX Gazdaand Gal, Phys. Rev. Lett. 116(2016)122501

ePredicts ABy(11) ~ — AB{(0%)

. . . . .« e M. Bedjidi 1., Phys. Lett. B6 67- 8
*Binding energies for 1+ obtained from y-ray transition energy measurements Jhane s ph Rew fot s avaom ooy

CSB in ground and excited states comparable, consistent with
theoretical calculations
— Look forward to Run 21 data (2B Au+Au events at 3 GeV)

AB(0") = 160 + 140(star) = 100(sysr)[ke V]
ABY(1%) = — 160 * 140(star) £ 100(syst)[keV]
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Hypertriton relative branching ratio Rs..

1 ....... .
eThe H relative branching ratio, Rs, is defined as: Bl
0.8\
R BR.CGH — *Her") =
3 = 3 3 _ 3 _ | |
BR.GH — “Her~) + BR.GH — dpzn~) o
] /'.’; — I'nvg |
; {';{r; : \ ....... Topy + Ton | |
0.2 jl e Ff’\H -
* Recent calculations predict a strong dependence of R3 on :’ - - Tone/ (Tome + Ty
° ° 0\H\\H\|I||||I||||I||||I||||I||\\\HHMH\M\HMH\\HHMH\\HHMH\
the bmdmg energy Hildenbrand et al, Phys. Rev. C 102 (2020) 064002 0.1 02 03 04 05 06 07 08 09 1 11 12 13 14 15
Ba [MeV]

Calculated decay rates vs Ba from Hildenbrand et al.

e The 2-body and 3-body mesonic decay channels are body mesonic __ 2 Y0
expected to contribute ~97% of the total decay rate n° + d A

Kamada et al, Phys. Rev. C 57 (1998) 1595

o 77 : ¥ decay rates expected to follow
isospin rule (2:1)

Lot - - 0,3
*R; connects the 1H lifetime to its two-body 7~ + *He 7% +3H
decay rate
- +d+p
Calculated decay B.R. from Kamada et al.

e Used as a constraint to model calculations of the lifetime

Yue Hang Leung - QNP2022 14



H reconstruction via 3-body decay

o To obtain corrected yields from hypertriton 3-body decay ;H - d+p+7~ :

— fit
Purity = 0.62+ 0.04
1<pT<3 GeV/c
-0.50<y<-0.25

1. Subtract uncorrelated 2. Excess around hypertriton peak o aHMC
background, estimated via contains correlated background ¢ Data

event-mixing

* Purity estimated via template fit to

| ' | ' | ' | R 2 |
0-012 Au+Au s,y =3 GeV  STAR Preliminary X of secondary vertex fit 0-50% l

— @
0.01— % M o A O S o
: L : Au+Au \s =3 GeV i

102

><106I

[ lllllll|

l IIIIIII|

Counts

0.008 S B T 10 — STAR Preliminary —
- - I R T R R SR R T R B —]
0.006[~ -1<y<0 %o - Mixed-Event (ME)] T g4 il
0.004f- 0<p,<3 GeV/c «°  —e-Same-Event (SE) p § L | N
0-50%  _qo® oo —> SE-ME A | |

°H—>pnd

______

0.002 o’

_________________

L
t
_+_;;
+
L

Of : > : 0.8
007 298 299 3 301 302 "' 06—
Mass(pnd) (GeV/c?) . . 0o 1 2 3 4 5 8 7
Real signal: lower x2  Background: higher 2 (pnd)

3. Correct for efficiency of real signal
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Relative branching ratio Rz measurement

o B - Au+Au |s,, =3 GeV
— World Average >
T 06 O _ °a  (a)0-10% ----._. (b) 10-50%
o< NC26,  NPB16, PRC 102, Q) R oy T e '
— 840(1962) 77(1970) 064002 “O — * o RS L )
- PRL 20, (2020) Ba (MeV) — RRREEI ™Y *“*\ I Ce. \*~
819(1968) PRC57, Q g6l "~@~O TR R IRRRREE RN i L NN
— 26PQB(16;,73)STAR 2017 1595(1998) i 0.2 g [ ~Q~ (P ~ R ?\~ \\**
— - mnm Q. :
0.4 O — Q.. . Q“\ IR
S + 0 T S R = .| STAR (2022) ‘@ ‘
L n | © 0 3H, y=(-0.25,0 ~ @ 3>
CERN Rep. * J.G.Congleton - . V= ) 4 ] AP her
64-1, 63(1964) - — 1992 g— 10°2F © aH, y=(-0.5,-0.25) x 10 ‘.. L STAR preliminary
0.2— STAR QY " 0 3H, y=(-0.75,-0.5) x 102 [ © SH—dpnxR /(1-R )
— . [ 1 1 1 | 1 1 1 [ 1 1 1 | 1 1 1 ‘\
I % 0 > 0 > A
_ STAR Preliminary p_[GeV/cC]
T

e Differential yields from 3-body and 2-body

*R3 measurement is obtained by comparing the efficiency measurements agree with each other
corrected yields from 3-body and 2-body decays
* New measurement on Rs:

— Provides input for connecting theoretically computed two-body mesonic rates and 3H lifetime

— Favors a small binding energy according to calculations from Hildenbrand et al.
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Future hypernuclei studies from STAR

“*More precise measurements of the hypertriton and anti-hypertriton

e ~420 1 H signal observed using BES-II data

e Entering the precision era

“*Studies on heavier hypernuclei

«>200 2He, >100 3He signal
observed using BES-II data

**Search for double-A hypernuclei?

thermal model

— M = 4840.0 MeV/c?

o=1.5MeV/c®> S=190.3
S/B=2.44 S/YS+B=11.6

S0

> He—*Hep

Express Stream
Production?,
STAR preliminary

49 5
m, {‘Hepr} [GeV/c’]

x10° [— M =2991.2 MeV/c?

o=1.8MeV/c? S=37675.9
S/B = 0.05 S/VS+B = 42.0

SO

~H—Hem

Express Stream
Production?,
STAR preliminary

3

3.1
m, . {"Hen} [GeV/c?]

1mnv

*Data from express stream (Au+Au Vsxy=3.0, 3.2, 3.5, 3.9, 4.5,
5.2, 6.2, 7.7 GeV) are not with the final calibrations

. 3
- %He, °He Faf

|

107 i —;
1 1 3 -
* Modest production rate at y/syn ~ 3-8 GeV according to 10 - =
10 5 ;'" \ =
10-5 | m,'/ | | [ Ll | | L 1111 | | L1 |:
. . o4 o ° 10 102 103
® -
STAR BES-II brings possibility of discovery bhve. Lett. B 607 (20117203 {0 (GeV)
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Summary

e STAR BES-II presents new opportunities for investigating the internal structure of
hypernuclei

% - H, 1H, 1 He lifetime measurements

eImproved precision on ;H, 1H lifetimes compared to previous measurements

e Average 2H lifetime = (82 +5) % 7, consistent with theoretical calculations including pion FSI

+ 2 H, 1He binding energy measurements
e Comparable binding energy differences in ground and excited states, with opposite sign

e Consistent with theoretical calculations with A-X0 mixing

+>H R; measurement

e New method to extract 3-body yields via template fitting

e Intimately connected to AH lifetime and binding energy



® Backup slides follow
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Systematic uncertainties on binding energy measurement

(1) Momentum scaling factor Summary of systematic uncertainties for the binding
energy measurements using 3 GeV data

® Imperfect knowledge in magnetic field strength

® Estimated from discrepancy between A mass and PDG value Source “H [MeV] %He [MeV]
(2) Energy loss correction Momentum scaling factor 0.11 0.11
® [mperfect knowledge in material budget Energy loss correction 0.08 0.05
BD'T response cut 0.03 0.01
(3) BDT response cut Total 0.14 0.12

® Assess possible effects of topological cuts on measured mass

Yue Hang Leung - QNP2022 20



Past studies of hypernuclei lifetime at STAR

oIn 2010, STAR observed the anti-hypertriton T I Daliz ot al (1966)
300 £ <}5 E H Congleton (1992)
.F. t t fh t t C ] A - Kamada et al (1998)
irst measurement of hypertriton 0 250 " E . Gal ot al (2019)
. . . . . - 1 . average o
lifetime from heavy ion collisions S 200 F G E . Hildenbrand et al (2020)
Science 328 (2010) 58 8 150 E_ | | : :v: L
3 _ 9 3 O signal candidates E |
t(\H) = 182 £, (stat.) + 27(syst.) 100 rotated background - il ALIGE (2016)
_ 50F - signal+background fit 1K
227 £ 34 (\H +3H) candidates 4 ST i | STAR (2019
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