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— Mass and Lifetime measurements

® Production rate and ratios BROOKHAVEN

NATIONAL LABORATORY

— Yields as a measure of correlation

a passion for discovery

— A case for RHIC energy scan
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%s\&me What are hypernuclei?

Nucleus which contains at least one hyperon in addition to nucleons. Hypernuc|ei of lowest A
3
AH(N+p+A)

SH(M+p+A)

* Y-N interaction: a good window to
understand the baryon potential

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

The first Hyygsemuoddeiss waasidisovesrd by DBayssz .
and Pniewski iim1BEE2 . ttweessféomestimaacossmiic * Hypertriton: AB=130+50 KeV; r~10fm

ray interaction in a balloon-floflowenautsidsiquigikate. « Production rate via coalescence
M. Danysz and J. Pniewski, Phil. Mag. 44 (1953) 348

at RHIC depends on overlapping wave

functions of n+p+ A in final state
No one has ever observed _ |
* Important first step for searching for

any antihypemUCIeUS other exotic hypernuclei (double-A)




%\&m from Hypernuclel to Neutron Stars

hypernuclei <— A-B Interaction —Neutron Stars

quark-hybrid traditional neutron star

star

v NYperon

> ofar neutron star with

pion condensate

'E Fe

l 106.gfcm3
10" grom®
1014 gufcma'

absolutely stable [ %=
strange guark T
matter

|u'|d s}

strange star ¥
= nucleon star

__R~10km

M~14M,

Several possible configurations of ~ Neutron Stars ~ ——

- Kaon comdiemsatie, ypemmns, Steirsge quprirkhnatidter

"The Physics of Neutron Stars", Science 304, 536 (2 004)

Si n g I e and d O u b I e hypern UCIei irirthlbdabbmwy: J. Schaffner and I. Mishustin, Phys. Rev. C 53 (1996):

Hyperon-rich matter in neutron stars

- study the strange sector of the baryon-bbaygonnidesattoon
— provide info on EOS of neutron stars

J.M. Lattimer and M. Prakash,




AR Current hypernucleus experiments

-« Anti-proton beam

V2

JLab

» 2000~

* Electro-production

* Single A-hypernuclei
» A-wavefunction

PANDA at FAIR
SPHERE at JINR

* Heavy ion beams
/ « Single A-hypernuclei
HypHI at GSI/FAIR
~ « Heavy ion beams
* Single A-hypernuclei at

extreme isospins
» Magnetic moments

- Double A-hypernuclei ?
* y-ray spectroscopy

- MAMI C
» 2007~
* Electro-production
* Single A-hypernuclei
» A-wavefunction

FINUDA at DA®NE
» e*e collider
 Stopped-K- reaction

« Single A-hypernuclei * Intense K- beam :
« y-ray Spectroscopy * Single and double A-hypernuclei

(2012-~) e y-ray spectroscopy [

J-PARC
» 2009~

Basic mép from Saito, HYPO6




%s\&m Can we observe hypernuclel at RHIC?

€ Low energy and cosmic ray experiments (wikipedia):
hypernucleus production via

— A or Kcapture by nuclei
— the direct strangeness exchange reaction
hypernuclei observed

[

— energetic but delayed decay,
— measure momentum of the K and 1t mesons™

=
T

1GeV?)

€ In high energy heavy-ion collisions:
— nucleus production by coalescence,
characterized by penalty factor.
— AGS datalll indicated that hypernucleus
production will be further suppressed.
— What's the case at RHIC?

mp,)" d*Nidy dp, (c
T

Li. ‘Be
Z.Xu, nucl-ex/9909012 \¥

] I DR REPRRPRETT BRI RS REPEP. U I

[1] AGS-E864, Phys. Rev. C70,024902 (2004) : ’ A




A candidate event at STAR

Run4 (2004)
200 GeV Au+Au collision

AR

3 -, : o
o ......, o T i i
W T

e |

R -
o




%s\@n Data-set and track selection

3,H mesonic decay, m=2.991 GeV, B.R. 0.25; Secondary vertex finding
SH . 34, + technique
/?H - 3He+ IT_ “ ‘1 s i
0 — 1 : 3" X
® Data-set used, Au+Au 200 GeV :}/T&,\
rvel
v~67M Run7 MB, '. l ,
L
v'~23M Run4 central, h—
v'~22M Run4 MB, b
v'|VZ| < 30cm wl Ps | ‘. p.
® Track quality cuts, global track \
DCAofvOto PV <1.2cm
v'nFitsPts > 25, nFitsPts/Max > 0.52 DCAof p to PV > 0.8 cm
DCAofpto®He <1.0cm
\/nHitsdde > 15 Decay length > 2.4 cm
& Primary Vertex (PV) 1 DCA of VOto PV
vP,>0.20, |eta] < 1.0 [ Decay Verte s DoAalr-toBY
L DecayLength 4 DCAofP+toP-

v'Pion n-sigma (-2.0, 2.0)




%s\&m 3He & anti-3He selection

-6
= 30 ”" — _
_E : : i
> : ]
QD & -
" 20 E :E-' ]
E : i
2 K ]
o i
10
:"h—- --------------------------- “He
0 L— il il S A | c
0 1 2 3 4 7= B
Rigidity (GeV/c) (dE/dx)

Select pure 3He sample: -0.2<Z<0.2 & dca <1.0cm & p >2 GeV
3He: 2931(MB07) + 2008(central04) + 871(MB04) = 5810
Anti- 3He: 1105(MBO07) + 735(central04) + 328(MB04) = 2168




H

signal from the data

£350[

o

Q
300
250
200
150

100

n
=

STAR Preliminary

¥
5

III|IIII|III‘I":b‘I.Illlllllllllllllll-l_

signal candidate

rotated background

o IIII|IIII|IIII|IIII|IIII|IIII|IIII|

Bl

=

| !
3 3.02 3.04 3.06 3.08 31

*He+n InvMass dis

€ background shape determined from rotated background analysis;

€ Signal observed from the data (bin-by-bin counting): 157 + 30 ;

@ Projection on antihypertriton yields: fﬁsz*sH_ePHe =157*2168/5810=59+11

constraint on antihypertriton yields without direct observation




<omx  *H signal from the data

F—J L L L L L L B L L BN
§1zuf— STAR Preliminary —f
1uuf— —
E[lf— —f
E[lf— :
4!]:—
- signal candidate
2“:_ rotated background
B ! L1 L1 Ly v vy v by v by 1

3.02 3.04 3.06 3.08 3.1

*He+r InvMass dis

|
3

€ Signal observed from the data (bin-by-bin counting): 70+17;
Mass: 2.991+0.001 GeV; Width (fixed): 0.0025 GeV;,

10



%\&m Combined signals

Combine hypertriton and antihypertriton signal:
225+35

Count
o
n
]

400
350
300
250
200
150
100

¢  signal candidate

n
=

rotated background

(f=) IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

1 | 1
298 3 3.02 3.04 3.06 3.08 3.1

*He+r InvMass dis

Bl
N
o
D

N

This provides a >6 ¢ signal for discovery

11



10°

Lifetime

- = iH STAR Preliminary ‘?“- .
"'l""1|n'"'1;""2:]""25'
decay-length/(By) (cm)

' STAR Preliminary
CT = 5.46i$:§§ cm

® Ourdata:  7=182+;, +27ps

€ Consistency check on A lifetime yields 1(A)=267£5 ps [PDG: 263 ps].

12



Comparison to world data

ime (ps)

H lifet

3
A

450

400

350

300

250

200

150

100

50

0

PR1&
PRL20, §19(14

- STAR Preliminary

PRD1, 6&{1970)

1, 1307(1969)

NPBET, 269(1973)

"
»
5
3
¢

#

NPE16, 46(1870)

----free A (PDG)
B sTAR free A
—— Dalitz, 1962
— Glockle, 1998

¢ Lifetime related to binding energy

€ Theory input: the A is lightly bound in the hypertriton
[1] R. H. Dalitz, Nuclear Interactions of the Hyperons (Oxford Uni. Press, London, 1965).
[2] R.H. Dalitz and G. Rajasekharan, Phys. Letts. 1, 58 (1962).
[3] H. Kamada, W. Glockle at al., Phys. Rev. C 57, 1595(1998).

13



%s\&m Measured invariant yields and ratios

e re e
STAR Preliminary
= °He |
ko -
O m3H i

g
——
<
)
o

TABLE I: Particle ratios from Au+4Au collisions at /syy =
200 GeV /e. The *He (*He) yield have been corrected for 3 H

[3;1 H) feed-down contribution.

Particle type

Ratio

317 /3
sH/ A H
*He/*He
__‘:i H 4 He

3H/*He

0.49 + 0.18 £ 0.07

0.45 + 0.02 £ 0.04

0.89 + 0.28 £ 0.13

082 =016 + 0.12

In a coalescence picture:

SH/H O/ p)A/n)(AIA)
He/*He O (p/ p)%(R/n)

0.45 ~ (0.77)3

14



Ak Antinuclei in nature (new physics)

To appreciate just how rare nature produces antimatter (strange antimatter)

/= Tour of the AMS Experiment - Windows Internet Explorer

@ _‘-\' | |nttp://cydo.mit.edu/~ bmonrealfframes phys html V| b5 o X__ | 00l ‘ P'

File Edit View Favorites Tools Help

Links 'ﬁél Customize Links @ | Free Hotmal & | Windows %3 Windows Marketplace @& | Windows Media R H I C : an anti m a'tter m aCh i n e

_ v! Search_l_@{z PDF
‘_‘ & E:i @] = ?_ijPaQEV\é-‘}Toolsv

33

|

- Antimatter Galaxies

-1 Where is all the antipottar in tha unixr nmnn‘? Tha Tnitrarea annaare ta hatra haan araatad 12 7
]
| - billion vears ago, in " Brookhaven National Laboratory News
* Universe's particles o .- _
.paItICIes beha‘ e W hEIl BNL: Departmens Science ESS&H Newsroom Administration \isitors DIFECIDE'Y
= N 4 high-energy particles 1
g e . | search
A8 particle-physics studie

3§ can't make a proton Wi @ news acnives OB SHARE o 40 B0

‘_ antielectron. ‘ Contacts' Kendra Snyder, (631) 344-8191 or Mona 5. Rowe, (531) 344-5056

Newsroom Home

links below to learn more! . 3 L 7 "
v i ] | o8 ._|ECtan positron pairpugl 01 News Archives Media Advisory: The Science of “Angels & Demons” Revealed
The Alpha Magnetic FEa S i /" electrons. There is 10 | 1yage Library

o7 somehow "violated bf% Stredming Videq Could antimatter really destroy the Vatican? Brookhaven scientist, local educators
Spectrometer (AMS)

antimatter, or b) the Bi| @brookhaven ToAY discuss science myths and facts in movie
Seeing a mere antiproton or antielectron does not mean much— after all, . oui tee and pusiic cvent, a prysicst

Welcome to the web page of the
AMS-02 experiment. Click on the

matter zone. While phy ract sheets
2009
12 U.S. Department of Energy’s Brookhaven

these particles are byproducts of high-energy particle collisions. o Dtionaby and [ocel St e
o fo o o 5 jels & Demons,” @ major motion picture
However, complex nuclei like anti-helium or anti-carbon are almost on an Brown bestSeling novel The fim,

lat to destroy the Vatican using antimatter

never created in collisions. from the Large Hadron Collider (LHC) at the
1an particle physics laboratory CERN.
ey ey examine mese Paricies Tacks and see Now mey ) oo L opsaners will explain the real science of the LHC,
1 introduction 4 5 2 x e q._ac;';?lﬁeail‘e"_de = ‘40"”‘35 including antimatter — oppositely charged cousins
1y f—l_ ; helium will bend to the right. A single really clean 7d chaleng v 1 of ordinary matter with intriguing properties. ANGELS& DEMONS
2. autimatter galaxies (back to top) - (back to AMS Tour) Talk at Brookhav on R TE T
3. cold dark matter ] Awarfm,mde: Wldest \.” itings, WHEN: Wednesday, May 27, 2009, 5:30 p.m.
4. strangelets WHERE: Berkner Hall Auditorium, Brookhaven
National Laboratory. Brookhaven Lab is on William Floyd Parkway, one-and-a-half miles north of

Exit 68 on the Long Island Expressway.

Dark Matter, Black Hole=» antinUCicus prouucuon vik comreouvcros

15



7%“\ Matter and antimatter are not created equal

But we are getting there ! G 2)
< 7L
SIAPNE _ -11 ) £ A-l
He/*He=10""(AGS,Cosmic)  :“. 261487
LI F
311 ~/3 _ 1013 ~107L
He/"He=107(SPS)
3r 1773 — 10 F
He/"He= 0.5(RHIC)
107} AGS
8
e 102? 10-9*
Sl \ L e A R e
K10 ¢ \ A
2 o107k
il A
’Um-ﬁ Lot
N &
510 S0k
<3 T
Eadl 1o
- 4f = .3f
10 ¥ RHIC £ F .
-5C ‘-’10-4;_ *
10 3
F _5F
10 '6;— STAR PRL 87(2003) 10 3 SPS
7t 10'2— NA52
Nucl /06100(;; 432 L0 1 2 5 ”’-7;""‘3"'"2""}""6""i""z'""s'""4
- 2 - -
Herex M (GeVic) M (GeV/c?)
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293“‘ Flavors (u,d, s) are not created equal

except in possible QGP

J. Rafelski and B. Muller, Phys.Rev.Lett.48:1066,1982

4 G R 4 ok o ™k
AR VA LI PR P P \ P LB A R
F | | | ; | | I -
7]
© 1 priloggr e s eresonmnar :
© B —_— ]
E it [ 8 2 &8 ®
® * '
i 2 & | Y T . VD 7
10 & =
4+ = I S E
T f[TyETETY] et e ;
% [0.75 | Q i :
— -3 o Ts
0.5 | g _
'&j 10 E [N IS MR [P ® 3
H— - 0 100 200 300 400 1
= i Nurlnber of plarlicipantls | | | | ’

STAR whitepaper, NPA757(2005) 200 GeV "'Au + "’Au central collision




Ak Yields as a measure of correlation

Volume 98B, number 3 PHYSICS LETTERS 8 January 1981 T | e Au+Au i
. ‘ TE o pep QGP ]
probability F4(p), which is determined by the deuteron internal wave function /4 and the spatial distribution C P 7
functions Dp and Dy, through eq. (9). If the k-dependences of Pp(k) and P (k) are weak compared with the p-de- 0.8 O ’ ]
pendence of F4(p), eq. (8) becomes equivalent to eq. (1) for Z =N =1 with C .
(/2] — -
m - —
3 np% = fdp Fy(p). (1) © 00 C N
: i 0.4 . e ° e o e -
Using eq. (9), one can express the coalescence volume in terms of Y4, Dy, and D, as O o . .
$apg =233 ()3 fdr RGN GE Dz(r)sfd:'pp(r—r’)pn(r‘). (11,12) 0.2 UrQMD .
Dy (r) gives the distribution of the p—n relative coordinate in the HX and is closely related to the interaction vol- oL | Ll _
ume introduced by Mekjian [6]. In fact, if the spatial size of the internal wave function /4 is much smaller than 1 10 102 10°
that of the HX, then eq. (11) gives N
part
31p0 =23 +3 - @mDy(0). _ 3
S. Haussler, H. Stoecker, M. Bleicher, PRC73
D, (0) thus corresponds to the inverse of the interaction volume. In the actual situation, however, the size of the 4
deuteron is comparable to that of the HX and therefore one has to use eq. (11) to relate the coalescence volume = o T ToT T T ———— ']
with the spatial size of the HX. 35 UrOMD " A+A E
Expressions analogous to eqs. (8—10) can be obtained for the other composite particles such as 3H, 3He and = rQ o p+p g
4He. In the case of triton (3H) one gets 3 = =
= : s 251 =
P(I,P,k)-f dpy dpy Fi(py.pa) Pk + py) Pk —3py +p) Pk —3p1 —p3) (14) = 3
& 2F =
1 dgydg, ~ = =
Fpy.p)=3%"3 e VUt (P1+341.p2 +30) 0Py ~ 341,92~ 302) 15 =
F QGP 7
N o 15 ]
X Dp(ql)Dn(_iql + qZ}Dn(_EQI _Q2) ) (15) 0.5 E . E
~ -~ L] ]
where , is the Fourier transform of the triton internal wave function . The coalescence volume is related to = ®© s = -
FtEI.S 0_ 1 1 ||||||I2 1 1 ||||||_3
1 10 10
3Gnpd) = fdm dpy Fi(py1,p2) - (16) \Is [GeV]
Caution :
measurements related to local (strangeness baryon)-baryon correlation Simulations of (all strangeness)—(all baryon) correlation
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Ratio

1.4

1.2

0.8

0.6

0.4

0.2

(CHe, t, >\ H)=> (u, d, s)

A
oK ] L

3

STAR Preliminary

*A=3, a simple and perfect system
9 valence quarks,
(°He, t, 3\H)=>»(u, d, s)+4u+4d

Ratio measures Lambda-nucleon correlation

* RHIC: Lambda-nucleon similar phase space
» AGS: systematically lower than RHIC

=>» Strangeness phase-space equilibrium

* 3He/t measures charge-baryon correlation

19



ae  SH/°He: Primordial A-B correlation

1.4 1.4
i ) T A. Majumder and B. Muller, i
1.2 3 ."‘—_ —t B. Phys. Rev. C 74 (2006) 054901 —1.2
- e SM] T | -
11 “He P P 1
[ o _ _
9O o8 T —0.8
© I STAR Preliminary ] |
X 06 34 N 1068
|- 3 A - -
He x =
04 P ] 4% G, Lattice —0.4
i g 4H T 1+C I
0.2 Lﬁ - B Cu=—7 402
I He x = i i
P
0 I | I | I | I | | | Ll | I | I | I | I | L1
1 2 3 4 5 6 08 0.9 1 11 1.2
IS T/T,
Caution :
measurements related to local (strangeness baryon)-baryon Lattice Simulations of (all strangeness)—(all baryon)
correlation correlation at zero chemical potential

20



%ﬁ\fm Energy scan to establish the trend

1.4
- Quark-Gluon Plasma i ap; %
! roxc & ] FEx 2
10 "He P P
ST
S 08 -
E B

0.6 — 3y
[ | *Hex 2

04 P
" g iH

0.2 - lﬁ STAR Preliminary
N He = ﬁ

D ] | ] | ] | ] | ] | ]
1 2 3 4 5 6
Beam energy 200(30—200) Ge{  ~17 (10—30)G¢V  ~5 (5-10) GV In\[?
Minbias events# (o) 300M ~10—100M ~1—10M NN
Penalty factor 1448 368 48 .
Hypertriton only
3He invariant yields 1.6x19 2x104 0.01 STAR: DAQlOOO"‘TOF
3,H/*He assumed 1.0 0.3 0.05
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%\&m Conclusions

4 K‘o’ﬁ has been observed for 15 time; significance ~40.
€ Consistency check has been done on fH analysis;
significance Is ~50

@ The lifetime is measured to be 7 =182 +3} +27 ps

377 3
® The & H [ A H ratio is measured as 0.49+4+0.18, and

3He / 3He is 0.45+0.02, favoring the coalescence picture.

& The fﬁ/ 3He ratio is determined to be 0.89 + 0.28, and

~H/3Heis 0.82 + 0.16. No extra penalty factor observed
for hypertritons at RHIC.

Strangeness phase space equilibrium

22



< Sra Outlook

& Lifetime:
— data samples with larger statistics

€ Production rate:
— Strangeness and baryon correlation
Need specific model calculation for this quantity
— Establish trend from AGS—SPS—RHIC—LHC

€ ,H->d+p+mchannel measurement: d and dbar via ToF.

€ Search for other hypernucleus:  4,H, double A-hypernucleus.

& Search for anti- a

€ RHIC: best antimatter machine ever built

23



ar INternational Hyper-nuclear network

PANDA at FAIR
"+ Anti-proton beam

“« Double A-hypernuclei

y
s Jmge

“ MAMI C
¢ 2007~

* y-ray spectroscopy
JLab

« 2000~

* Electro-production
« Single A-hypernuclei
« A-wavefunction

BNL

* Heavy ion beams

» Anti-hypernuclei

* Single A-hypernuclei
* Double A-hypernuclei

Not an overreaching case!

* Electro-production
* Single A-hypernuclei
» A-wavefunction

SPHERE at JINR
» Heavy ion beams
/ » Single A-hypernuclei
HypHI at GSI/FAIR
-« Heavy ion beams
* Single A-hypernuclei at

extreme isospins
* Magnetic moments

FINUDA at DA®NE

» e*e” collider

» Stopped-K- reaction

* Single A-hypernuclei

* y-ray spectroscopy
(2012~)

J-PARC

» 2009~

* Intense K- beam

* Single and double A-hypernuclei
* y-ray spectroscopy [

Basic map from Saito, HYPO6
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