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#  What are hypernucleus?

SINAP

Hypernucleus of lowest A
Nucleus which contains at least one hyperon in addition to nucleons. 3
yp “H(n+p+A)

H@+p+A)
* Y-N interaction: a good window to
understand the baryon potential

* Binding energy and lifetime are
very sensitive to Y-N interactions

Hypertriton: AB=130£50 KeV; r~10fm

Production rate via coalescence
at RHIC depends on overlapping wave

*A—=>p+a(64%); A—-n+x°(36%) functions of n+p+A in final state

Hypertriton and anti-hypertriton ratios

The first hypernucleus was discovered by Danysz sensitive to matter and anti-matter
and Pniewski in 1952. It was formed in a cosmic profiles in heavy-ion collisions

ray interaction in a balloon-flown emulsion plate. _ _
M. Danysz and J. Pniewski, Phil. Mag. 44 (1953) 348 * Important first step for searching for

other exotic hypernuclei (double-A)
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//7From Hypernuclei to Neutron Stars

SINAP

Nuclei «— Baryon-Baryon Interaction — Neutron Stars

quark-hybrid traditional neutron star
star

géperon neutron star with

pion condensate

absolutely stable
strange quark
matter

ul/d s

u
.

strange star

nucleon star

R ~ 10 km
M~1.4M,

¥ Several possible configurations of Neutron Stars
- hyperons, strange quark matter
% Single and double hypernuclei in the laboratory:
- study the strange sector of the baryon-baryon interaction

- provide info on EOS of neutron stars
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A~ The mesonic decay of hypertriton

SINAP

Kamada et al., PRC 57, 1595(1998)
TABLE I. Partial and total mesonic and nonmesonic decay rates and corresponding lifetimes.

Channel I [sec™ ] I'/T =" [sec]
He +7~ and *H + #° 0.146 x 10 0.384 0.684 x107°
d+p +7~ and d+n+ 7 0.235 x 10" 0.619 0.425 X 10~°
p+p+n+a andp +n+n+a° 0.368 X108 0.0097 0271 X107
All mesonic channels 0.385 x 10" 1.01 0.260 X 10~°
d+ n 0.67 X107 0.0018 0.15 X109
p+n-+n 0.57 X 10® 0.015 0.18 X107’
All nonmesonic channels 0.64 X108 0.017 0.16 X107’
All channels 0.391 x 10" 1.03 2.56 X100
[Expt. [6] 264 +0.92 —0.54 X 1010}
Expt. (averaged) [11] 244 + 026 —022 x10° 19
[6] G. Keyes er al., Phys. Rev. D 1, 66 (1970); Phys. Rev. Lett. [11]J. G. Congleton, J. Phys. G 18, 339 (1992).

20, 819 (1968): Nucl. Phys. B67. 269 (1973).
IFGH—7 +3He) T'QH—7 +p+d)
IrGH—#°+°H) T (GQH—7"+n+d)

He_1 /3 43 -~
'**=r(yH— 7 +°He), [ zg(rHe+rp+d+Fp+p+nq

- r?H=r 3H—7" +p+d),
FGH—7 +p+p+n) ) (WH=m Tprd)
FrGH—7"+n+n+p) = PP =T H—7 +p+p+n).
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//?p Focus on the hypertriton lifetime (1)

SINA

K Though the mesonic decays are Pauli blocked in heavier hypernuclei, they are the
dominant channels in hypertriton.

Y& In experiment, the 2-body helium3 channel and the 3-body deuteron channel are
easier to access.

The lifetime measurements are interesting especially in view of the short
values from early experiments :

The 18t measurements is (0.95%019 ;. .)*10-'% from helium bubble chamber, by Block

et al., presented in the proceeding of Conference on Hyperfragments at St, Cergue,
1963, p.62

Results from AGS nuclear-emulsion experiments: (0.9*%2,,)*10-1%, Phys. Rev.136
(1964) B1803,

from Bevatron and AGS Phys. Rev. 139(1965) B401
2-body (3 in flight, 4 at rest) (0.8*79,;)*10-%
) ¢ 2-body combined with 3-body (5 in flight, 18 at rest) (3.4*82_ ,)*10-1%s

Nuclear-emulsion with maximum likelihood procedure, Nucl. Phys. B 16 (1970) 46,
(1 28+035_026)*1 0_103,
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//PPFocus on the hypertriton lifetime (2)

SINA

Y But other measurements gave different values:

Helium bubble chamber from Argonne ZGS:
(2.327045 , ,,)*10"9%s, PRL 20 (1968)819
(2.64+0-84 ) ,)*10'%, PRD 1(1970)66
(2.46%0-52 /,.)*107'9%, NPB 67(1973)269

Nuclear-emulsion from Bevatron:
2-body is (2.00""19 , ,,)*10"9% and 3-body (3.84*240_, .,)*10-%s,
and a combined of (2.74*110 . _,)*10-1%s
PRL 20(1968)1383

Y How about the theoretical understanding of these experimental results?

The 12th International Conference on Nucleus-Nucleus Collisions (NN2015), lItaly, 6/2015 6



Y Focus on the hypertriton lifetime (3)

SINAP

Y The hypertriton being a loosely-bound nuclear system, its mean lifetime
should not be significantly different from that of the free Lambda

Theoretical calculations from Dalitz et al., initially gave a short value and

updated later on a larger value close to the free Lambda’s
Phys. Lett. 1 (1962) 58 and Nuovo Cimento A 46,786 (1986)

The calculations based on modern 3-body interaction force, the total lifetime
is predicted to be 2.56*10-1%s, Phys. Rev. C 57 (1998) 1595

Y The hypertriton lifetime data are not sufficiently accurate to distinguish
between models, more precise measurements are needed.
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_# Results from RHIC-STAR Col.

SINAP
Y& Previous measurement (before 1973) Previous measurement
Use nuclear emulsion or bubble chamber. STAR Collaboration, Science 328 (2010)58
Accepted events: less than 80 4505 PR180.1307(1969) :
400 T 3
Y STAR 2010 measurement : 66(1970) :
350 T NP(BG?,) B
) . 269(1973 ]
Run4 200GeV MB 22M @ 00 “s?&%gé)“ T STAR_;
Run4 200GeV Central | 23M GE) i SEEL EEE e e P---y--- EERL_
Run7 200GeV | MB 68M © f L T :
= 2000 NPB16, E
- S ~46(1970) w*ood
150~ -
Y STAR 2012 measurement ° - treen (PG
1000 o B s7AR free A
Runl10 200GeV MB ~223M sl L Dalitz, 1962
Run10 200GeV Central ~199M RO ke o
Run10&11 low @ MB ~213M
energies World data

w Itis promising to obtain an improved lifetime measurement using the new data
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A Relativistic heavy-ion collisions

SINAP

initial stage QGP and hydrodynamic
expansion

e
\‘ .': vle.'L ~iH"“:
;;’*:dill]:ﬂi:*:l?fr
i

iy
1)
' v

@ Initial condition of collisions
€ New state of matter : QGP

€ Hadronization and hadronic interaction

% RHIC creates hot and dense matter, containing dozens of
hyperons in central events : ideal source of hypernuclei studies.

RHIC white paper: Nucl. Phys. A 757
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SINAP

_#Relativistic Heavy lon Collider (RHIC)
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A~ The STAR Detector

SINAP
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Y TPC: effectively 3-D ionization camera with over 50 rﬁiilion pixels.

*STAR: a complex set of various detectors, a wide range of measurements and a
broad coverage of different physics topics.  STAR-TPC: NIMA 499 (2003) 659

e ——
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A Event display

SINAP

STAR Collaboration, Science 328 (2010) 58
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Y¢ A beautiful event in the STAR TPC that includes the production and decay of a
antihypertriton candidate. (Data taken from Run4 Au+Au 200GeV MB collision)
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A’ Datasets and track selection

SINAP

s% Datasets and event statistics

Run10 7.7GeV | MB
Runl10 11.5GeV MB
Runll 19.6GeV MB
Runll 27GeV MB
Runl10 39GeV MB
Run10 200GeV MB
Run10 200GeV | Central
Run/7 200GeV MB

Y Analysis method: secondary vertex finding

technique
« |dentify 3He and = candidate

* Find the VO position from daughters pairing
« Plot the invariant mass dis. of daughters

~AM
~11M
~31M
~49M
~118M
~223M
~199M
~56M

« Combinatorial background analysis

H — He+m™

R
'P=P+P,

deaV0 VPrimary
Vertex
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. The largest Hypertriton sample

SINAP

* Statistics: Run7+Run10+Run11 MB+Central, ~610M events

EZZOOLIIIIIIIIIIIIIIIIllllllllllllllll 10004_"|||||||||||||||||||II|III|III_‘
§2000 - Run7+Run10+Run1l mb+central Signal = | Run7+Run10+Runll mb+central Signal i
8 - ¥} /ndf  29.8/32 1 B x* / ndf 81.5/68 -
i . ] B Yield 602.10 + 63.15
18005 ‘1\2:::;6219'?? 33(;:]3 1 800 Mean 2.991+ 0.000 —
1600— IS T 4 B
1400:_ b|n W|dth 4|V|eV _ =
- 1 600
1200 - B
1000 - B
: ] 400—
800 B ]
600 « Signal ERp * Signal N
400 = —rotated background E B —rotated background i
200 — signal+background fit = i — signal+background fit |
[ — 1 l ) I l | I I | I I | I l | I L1l l | -
1— 1 1 | L1 1 | 1 Ll | | - | 1 Ll I | - | Ll 1 I 1 L1 |
294 206 298 3 3.02 3.04 3.06 308 3.1 ?.94 296 298 3 3.02 3.04 3.06 3.08 3.1

M. (He3+m)(GeV) M, (He3+m)(GeV)

my

Y¢ Signal observed from the data (bin-by-bin counting [2.986,2.996]GeV): 60263,

which is the largest hypertriton sample ever created background: form:

Y Background estimation: rotated background f(x) oc exp(—5-) = exp(—)
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A

ypertriton signal from STAR BES at /SNN =7.7,11.5,

19.6, 27, 39, 200GeV

SINAP

z L rrrrrrrrrrrrrrryrrnrit I L I LI ] L L '-"’ 160 L rrryrrrrrrrrrrTrrrTrnroTrT I 1T I 1T I LI L : ]20 I rrr1rrrrrrrrrrrrrrnrorTd I L I L I 1T I
£ 160—__ Run107.7 GeV minbias Signal - St Run10 11 GeV minbias Signal R S L Run11 19 GeV minbias Signal ]
S t x*Tndl 258732 ] S 140 Crmdl 1301738 ] 5 [ Xndl 60.7/34
140 Yield 45.57+17.35 ] N Yield 44.29 £ 16.46 ] 100— Yield 42,11+ 14.00 —

r Mean 2,991+ 0.001 120 Mean 2991+ 0.001 - B Mean 2991+ 0.001

120 . Tk E L 4

r . 100 C N 80 —

100~ - B i - -
80 :_ }- 80 :— —: 60 N ]

C 60 3 - +Z

40 = a0 r « signal ;
20: —rotated background ] 20 :_ —rotated background 20— — rotated background ]

C —signal+background fit ] I —S|gnal+background N - — signal+background fit B

9]‘ Ll I 11 1 I L1 1 I 111 I L1 1 I 111 I 111 I 111 r r 1 1 I 11 1 I 11 1 I 11 1 I lgl L h‘l 1 I 1 11 1 I_ L -' I 111 I 111 I 111 I 111 I 111 I 111 I 111 I—
294 296 298 3 302 304 306 3.08 3.1 Y94 296 298 3 %\ GV 306 308 31 991 296 298 3 302 304 306 308 3.

M, (He3+m)(GeV) R Q M, (He3+mw)(GeV) M;,,(He3+m)(GeV)

£ lw L rrrrTrTrrrTTTrTT T T TT T T I T I T ] L L : 24() : 50 I rTrrrrrrrrTrTrT T T TT T TTT I LI I T I T I
€ [ Runll27GeV minbias Signal . 5% € [ __ Runl0200 GeV minbias Signal ]
S140F rindl 62/ 4 57 Clndl 411732 S F /ndl 753/ |
r Yield 46.43+£16.34 1 200 Yield 88.12+20.98 - Yield 82.91+20.32 -

- Mean 2.991+0.001 - Mean 2.992 + 0.002 200~ Mean 2.991+0.000 |

120 — ] 180 C ]

C i 160 C ]

80 + + - 120 C | 1

60 :_ + H _: 100 100 C ]

- ] 80 C $ ]
40 « signal + ++ 60) « Signal _0: « signal F
C ] 50— T
>0k —rotated background B 40 —rotated background - — rotated background -
r —signal+background fit ] 20 —signal+background fit - —signal+background fit B
Q y o by b g by Loy g by g Ly o T 9 p o b by bea by g baoay Lya L A RS FEEE EENE TS RS RS R
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Counts

_#” Signal in separated decay length bins

SINAP
~tlT //J’ycr
*# N(t)=NO)xe"" =NO)xe
1200 w"l_§500£"|"'|"|"|"'|"'|"'|"'|:3 I B e B W
[ Laca/PY ~ [25]em xz/ndelgna;.l/sz :Lg) 450;— Liceay/PY ~[58lem x’/ndelgnalzﬂ/sz _é zzgi Laccay/BY ~ [8,11]em xZ/ndeigna;m/sz :
1000? Yield 204.26 + 47.90 | 4003— Yield 120.64 + 28.30 _f 1805— Yield 49.92 i'18.76 _E
i . Mean 2.991+0.000 ] s Mean 2.991+ 0.000 3 - Mean 2.991+0.000 3
800 3505_ 5 160F
i 3001 140
600~ 250F 120
i 200 100E
400 g 80
i 150 E_ : 60 f— Loy _u
200/~ "F 4 STAR preliminary] *. # STAR preliminary:
i — ] 20— —
ol 0%..|...|...|..,|...|...|...|...|E )t P SN RN AU BN AR R &
350 : : : 7 2.94 296 298 3 3.02 3.04 3.06 3.08 3.1 294 296 298 3 3.2 3.04 3.06 3.08 3.
C Ly /BY ~ [11,41]em Signal ] M, (He3+1)(GeV) M, (He3+7)(GeV)
300 : x/mdf  259/32
- Yield 54.27+23.73 A
- Mean 2.991+ 0.000 _] . . . . .
0 | Y& Measure the hypertriton signal in different L/By bins:
2-5-8-11-41cm
150 — .
b Y% Combined dataset
sof- run10: 7.7, 11.5, 39, 200GeV MiniBias,
0T| AT R L | M| P IR | :
294 2.96 298 302 304 3.06 308 3 1 . . .
TAR prellmmmy><feV> run10: 200GeV central; run11: 19.6, 27GeV MB
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#” New hypertriton lifetime result

SINAP
3 Y.H. Zhu (SINAP), Nucl. Phys. A 904-905 (2013) 551c
§ 10 : T T T T T T T | T T T T | T T T T | T T T T | T T T T | : ,;J\ 450 r .
= | ® STAR Preliminary 1§ f rReenose) Bl i
@) RS =  STAR(Science 328 (2010) 58) | E 400 — =
b i i o STAR 2010+2012 combined fit | & [ PRDI, ]
o 1< B o  STAR 2012 A lifetime fit 350 66(1570) -
= i 177 ¢ 269(1973) .
: - _PRL20, ]
<< 5 ‘{ ‘ g prTTT—— 300 — 819(1968) T 7
10 :— \’:{ . 5 CT=3-6918'Z; cm _: L T
- NS B | ' . 250 STAR -
B w | B SCIENCE ]
B = tss ] ] 1 328,58(2010) .
? i 200 NPB16 I E
. i B I S "”4'6'('1'9'7'63' """""""" O
St =058 T 150 } it -
' 25 3 35 4 de::y_lengtsh/lw(csms) fe\-\m}& ‘{ LI_ISTAR —:
31 AR ] Preliminary ]
] 50 PR136.6B(1964) % STAR 2012 Result
. ’ ---- Dalitz, 1962 ]
1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | \\l 1 1 1 | 1 1 1 1 | a
5 10 15 20 25 30 0

Y.H. Zhu (SINAP) for STAR Col., QM2012, USA
J.H. Chen (SINAP) v, Spain

26
#STAR 2012 preliminary result: ¥ =123 £10ps

4STAR 2010+2012 combined fit: T =138 5 ps

As a further cross-check, A is reconstructed via the A — p + 7~ decay channel. We use

exactlv the same method to obtain the A lifetime and the result is 260 + I ps which is consistent
with the 7 = 263 + 2 ps compiled by the Particle Data Group [10].
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_#Measurement from

SINAP

HpyHI project
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presents the hypertriton lifetime measurement from 2-body channel:
Nucl. Phys. A913(2013)170

7 =183+ +37ps
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//; On the measured lifetime of light hypernuclei 3AH and 4AH

SINAP

C. Rappold, R. Saito et al., Phys. Lett. B 728, 543(2014)

[9] (2013)* [9] (2013)*
[8] (2010)* [13] (1995)*
[71 (1973) [12] (1992)*
[6] (1970)
[4] (1969)
[5] (1970)
- [11](1965?
[4] (1969)
:', : \\\[3] (1968) [2] (1964)
® 2 \\ ' AR KR
[2] (1964)_ H [10] (1962)
AArPEE P %. ol R [ S TR TR T N T ".~'l. (AR . A T ol Lo e Sy
100 200 300 400 100 200 300 400 500
® H Lifetime (ps) 4 H Lifetime (ps)

« The combined analysis of the world data for the lifetime of 3AH and 4 AH gave the
average of 3 AH and 4AH lifetime was respectively 216+19-16 ps and 192+20-18ps.

* With these studies, it has been revealed that the measured lifetime of 3 AH and 4AH
can be significantly shorter than that of the A—hyperon.
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_#” The physics for short lifetime?

SINAP

Y Revisit the previous theoretical calculation:
A statistical combination analysis of the experimental lifetime data give average of

216*19_ 4 ps for hypertriton, indicated that the lifetime of light hypernuclei is
significantly shorter than the free Lambda’s

% Reuvisit binding energy (130 + 50 kev), STAR exp. 3-body analysis have significant

progress.
(1) (2)
s Physics implications:
(1) Loose Lambda inside hypernucleus, 0 o
hypernuclear lifetime ~ free Labmda 6

(2) Stronger lambda-n interaction,

hypernuclear lifetime < free Labmda @ 6 @
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Counts / (2.8 MeV)

(nnA) signal in HI reaction?

PR T N T . PR R T T
2.06 2.08 2.1
Mass (GeV)

80}

(bl) t47~
—-10<Z <30 cm

Mass (GeV)

Counts / (2.8 MeV)

Counts /(2.8 MeV)

Va

60 F

(a2) d+n—
% —2 < Z <30 cm

PRI I T SR T [ W T
2.06 2.08 2.1
Mass (GeV)

T

(b2) t+m—
—2<Z7Z <30 cm

ll2.98lll3lll

3
A

Mass (GeV)

HypHI exp. observed a
signal in the invariant mass
distribution of d+pi and t+pi
channel.

PRC 88,041001R(2013)

Data from HIRES Col.
Excluded the (Lp)
candidates

PLB 687, 31(2010)
PRD 84, 032002(2011)

A possible interpretation
might be the two- and
three-body decays of an
unknown bound state of 2

neutrons associated with a
Lambda:

i t+radn >+ s dnta,
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% STAR preliminary

SINAP Yifei Xu (SINAP&BNL)
Two Bodie e TR e

A

3 3 -

lﬁl_lFi{’ — "He+rm il 26V <20 <50 Al MinBias 360001360002 S33LM
3— 3— N
AH —> He+rx

Three Bodies: ’/
270001, 270011

(3 — Runl0 624GV <20 <40 Al Min-Bias 7023 M
JH—>d+P+rx o

Runl0 39Gev <20 <40 Al Min-Bias 280001  13441M

A

A

350003, 350013
20 <30 Al Min-Bias 350023, 350033 516.87 M
350043

3_ — —
\XH —d +P+7Z'+J Runll 200GV

A
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//; Topologic cuts

SINAP

\ A (Virtual)

H—>d+P+r

® v012 : Mid-point of DCA 1 to 2
@ v023 : Mid-point of DCA 2 to 3
@ v013 : Mid-point of DCA 1to 3

We assume the three points above to be
the three vertexes of a triangle, then:

@ V0123 : Centre of gravity of the
triangle

Then we have:

dcal, dca2, dca3, Decay Length
Primary Vertex dcalto2, dca2to3, dcalto3........
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//7 STAR preliminary

SINAP Yifei Xu (SINAP)

Signal with Background fitting function : f;;,(x) = fprg(x) + gaus()

100 " Runi127GeV 53M EVénts g‘“‘— ! “Run10 39GeV 134M Events
- 3 120— —
1400 ¥2/ndf 39.61/13 E i y2/ndf 36.89/23 ]
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100 -I- Mean 2.9920 +0.0018  _F Mean 2.9900 + 0.0001] . .
sof- Width 0.0010 + 0.0003] . Width 0.0015 + 0.0003 Bin Width
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40:_— .hﬁ HJ: :h 20E ﬁ L, 4 ‘iz:
= % e

............. 1 é\..u'.‘.w.lwA..‘,.l.. 1
° X 306 v 296 2.98 3 3.02 3.04 306 3.08

P
&
2
w
8
w
2

Mass (GeV'c‘\(B‘@ Mass (GeVic*2)

2 T T T T T T T

EET “Run10 62GeV 70M E . " Runi1200GeV 517M Evenlts
= C y2/ndf 74.11/20 ]
180 r .
s60E- Yield 48.63 * 14.54 | Yield 135.81 + 34.80 _
140E- Mean 2.9890 + 0.00 - Mean 2.9900 + 0.0001
1200 Width 0.0010 # 0.00 300}~ Width 0.0015 + 0. oooq
100 - .
80| 200 -
60 ) Lt - C B . ]
b Sig. + Bg. ‘ 100F- Sig. + Bg. B
205_ Background C Background 'h"h:"' .
E ...... | I T Y P 1 PR Py iR E BET R R BN PR SR B T L1 l P
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Preliminary 3-body analysis also shows a short lifetime.
Detailed results will be shown in HYP2015, Sept. 2015 by Mr. Yifei Xu
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A~ Concluding Remarks

SINAP

" Measurements of hypertriton lifetime are an interesting project in the
field. Independent exp. present different results.

% Several theoretical interpretations have achieved in the field and

tend to conclude a value close to the free Lambda’s
New and precise measurements (>600 signals) from STAR Col. in
the Relativistic Heavy-lon Collider give a short value:

7 =123+ =10

A Data from HypHI from GSI fixed target exp. Also show a short

lifetime value:

7 =183+ +37ps

The discrepancy among different exp. is still there, the hypertriton
lifetime is still a puzzle. New measurements from STAR Col., esp.
for 3-body decay channel should shed new light on the puzzle.

*
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- Understanding the shortened lifetime of ;H
//;

SINAP Jean-Marc Richard'*, Qian Wang?!, and Qiang Zhao®*
Q. Zhao, Private communication
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baryon internal conversion process
FIG. 1: Feynman diagrams for the free A hadronic weak decay.

absent. For the weakly bound ®H ground state, its lowest energy level 1s-shell is occupied by the two anti-parallel
neutrons. Since the mass of the A is close to the nucleon, the intermediate pole of 3H should play a role. Therefore,
when the initial A converts to a neutron it should be affected by the existing neutron due to Pauli principle. The
saturation of the intermediate *H means that an anti-symmetrization of the intermediate pnn relative S-wave system
has been properly treated at leading order. In contrast, the process of Fig. 1 (b) will not be affected by the Pauli
blocking. Such an unbalanced effect on the processes in Figs. 1 (a) and (b) can violate the cancelation pattern and
eventually increase the amplitude significantly. We find this is the most efficient mechanism that shorten the lifetime

of /{’H

The shortened lifetimes of hyper-3H and hyper-4H are due to the Pauli blocking effects
which will suppress one pole amplitude but unaffect the other. As a consequence, the
“perfect cancelation” between those two pole terms will be violated and the increased
amplitude will broaden the width and then shorten the lifetime of the hypernuclei.
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//; Systematic Study on Lifetime

SINAP
Absorption
Hypertriton interacts with air and detector structure materal
G£H+material. [ G£H+p. l OpgtOpp |
o Opemaeria AP Oy krlp oy Al

Absorption effect is less than 1.5% and can be neglected

Bin Width
Present is 4MeV bin, T fit result is 123 + 24ps
For 2MeV bin, 7 fit resultis 116 = 23ps
Systematic error due to binning is 5.7%
Different Cuts

Change cuts 1): 7 :120 = 30ps Change cuts 2): 7 :130 = 28ps

Systematic error due to cuts is 6.2%

Total Systematic Error: ~8.4%
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