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3.5

Antimatter

Antimatter

3_

“Those who say that antihydrogen is
A H antimatter should realize that we are

not made of hydrogen and we drink
water, not liquid hydrogen”

-- Dirac
Quoted from A. Zichichi (2008)

Antiparticles and antimatter:
the basic difference

d
p N
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Observation of an Antimatter Hypernucleus
The STAR Collaboration, et al.

Science 328, 58 (2010);

DOI: 10.1126/science.1183980




ﬁ‘* What are hypernuclei Git%) ?

Nucleus which contains at least one hyperon in addition to nucleons.

Hypernuclei of lowest A
JH(n+p+A)

SHm+D+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 hypernucleus was discovered by Danysz .
and Pniewski in 1952. It was formed in a cosmic  * HYPertriton: AB=130-+50 KeV; r~10fm

ray interaction in a balloon-flown emulsion plate. ., Production rate via coalescence
M. Danysz and J. Pniewski, Phil. Maqg. 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 an“hypemlJCIeus before RHIC other exotic hypernuclei (double-A)

3



ﬁm from Hypernuclei to Neutron Stars

hypernuclei «— A-B Interaction — Neutron Stars

quark-hybrid
star

traditional neutron star

s ggfae_em” neutron star with

pion condensate

5 TA

A ~=- | Fe
absolutely stable 6 3
H S"angi!'é q%ark 10" g/lem
ma
e 10” g;‘c:m:3
|u|d|s|
S=-0 i

1014 ga’crna

it

strange star

Several possible configurations of Neutron Stars

- Kaon condensate, hyperons, strange quark matter
J.M. Lattimer and M. Prakash,
Single and double hypernuclei in the |aboratory: The Physics of Neutron Stars", Science 304, 536 (2004)

J. Schaffner and I. Mishustin, Phys. Rev. C 53 (1996):
Hyperon-rich matter in neutron stars

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

2 nucleon star
~ R~10km

M~1.4M,




ﬁn Can we observe hypernuclei 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, E |
— measure momentum of the K and = mesons’e . {
2
e F
@ In high energy heavy-ion collisions: R
— nucleus production by coalescence, ':;%

characterized by penalty factor. B It
- AGS datal'l indicated that hypernucleus
production will be further suppressed.
— What's the case at RHIC?

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




4k Relativistic Heavy Ion Collider (RHIC)
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42 A candidate event at STAR

Run4 (2004)
200 GeV Au+Au collision

Observation of an Antimatter Hypernucleus

SCience The STAR Collaboration, et al.
STAR talks: [ Aaaas) DO 0.1 126 scionte 1183980
J.H. Chen, QM09
J.H. Chen, HYP09

Z.B. Xu, RHIC/AGS 09




i/s\&m 3He & anti-3He selection

-E S . Observation of an Antimatter Hypernucleus
The STAR Collaboration, et al.
Clence Science 328, 58 (2010)
DOI: 10.1126/science. 1183980
| T | AVAAAS

Bichsel curve

_3m

400 [
300

200 |

dE/dx (GeV/cm)
N
o

I I I | I I I I

I
| - 1 1 | |
. . G ipme OTT' ——
|‘||
{ il L
1 llllf L I
il 1] ' 1 III 1]
1 - ||'||||||'|I|"|I|| II 1
A I
1
1} e P

Counts

100 L
10 7

R L AR TR N T A N N B

’ 1 ’ Ri 'd':f GeV/ ) Z =In( <dE/dx>
1giai e C = ichse
gidity ( ) (dE 1)

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(MB07) + 735(central04) + 328(MB04) = 2168




a« > H and Combined signals

3 H Combine hypertriton and antihypertriton signal:
— 225+35
A

T T T I T T T T T T T T T | | | T T T T T 1 T T T ] = LI I 1T 1 | I T 1 | LI | LI | LI LI LI -
N . vt st s | 50 = B =
— SClence Q;reefgeazs 55( 10) i — - SClence 323 5& 2010) ! _
120 | DOI: 10.1126/science. 1183980 _| :_ m DOI 101126/ 2.1183980 _:
: 1400 :
100~ —350F -
80 3005 =
- 1250 5
oo 2007
a0 _ _ 150 - E
i signal candidate 100E- o signal candidate E
200 - -
- rotated background 50 rotated background -
B 1 L | I L1 1 | | | | | 11 | | 1 1 | 11 | I L1 1 | | | | I C Il | | L] | | | L1 | | L] L1 | | L] | | | E
Pos 296 298 3 3.02 3.04 3.06 3.08 31 Do 306 398 3 307 304 3.06 308 3
*He+n InvMass dis *He+n InvMass dis

L 2 Signal observed from the data (bin-by-bin counting):

7017, This provides a >6c signal for discovery
Mass: 2.991+0.001 GeV; Width (fixed): 0.0025 GeV;
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Count

Comparison to world data

2.5¢

decay-length/y) (cm)

*H ifetime (ps)

o

450
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50

PR180,1307(1969)
3 PRD1, E
- 66(1970)
- T NPB6&7, E
- __ PRL20, 269(1973)
—  |810(1068) T -
- A STAR 1
Ty PP [ I P 4 T“ -
- T NPB16, r
e ~4atozop - :
; == frea A {F‘I]G]l_ :
- ® Il 574 free &

------ Dalitz, 1962

- 4 - - Congleton, 1092
[ PR136, 6B(1964)  Glockie. 1908

ok

Science

of an An llmall r Hyper

Th STARC llaboratio
cccccc 328,
DOI 10.1126/science 1183980

58 (201 )

World data

@ Lifetime related to binding energy
€ Theory input: the A is lightly bound in the hypertriton

[1]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).
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ﬁn Measured invariant yields and ratios

1/N,,, 1/(2rp )dN/(dp dy) (GeV/c)?

STAR Preliminary
= 0°He
¥o_

O m3H

g
—i—
2
)
o

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

[% H) feed-down contribution.

Particle type Ratio
TH/IH 0.49 £ 0.18 £ 0.07
*He/°He 0.45 + 0.02 + 0.04
2H/*He 0.80 + 0.28 + 0.13
2H/%He 0.82 + 0.16 + 0.12

In a coalescence picture:

JH/H oc (p/ p)in/n)(A/A)

*He/’He oc (p/ p)* (1 / n)
0.45~ (0.77)3
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7%443\ Matter and antimatter are not created equal

But we are getting there ! ¥ JJUR s 4 Jiuid iy A1 55 :510 2
v L
377 /3 —11 i £ . A-l
Hel’He ~10"" (AGS,Cosmic) £ 26/(48™")
LIk
3— 3 —3 -: '3_
He/*He ~ 107 (SPS)
371 3 10'5_
e/"He =~ 0.5(RHIC) W
07 AGS
= 1072 107
-] E 9
% \ 0 =y "7z 4 % %
Ng“ 10 * A
2 1020
E I > 10
a0 L “% i
g 1]
f?.fﬂ E o .
® B 510 F
Elﬂ :- %10’2—
T D -3f
0 RHIC &' )i .
107} 107F f
: h:
107l STAR PRL 87(2003) 10 ¥ SPS
7 107 NA52
Nucl /061001;2 AR R R “’-7; """"" SR L R R R R
- s i
= M(GeVic) M (GeVic)
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ié?mz Flavors (u,d, s) are not created equal

except in possible QGP

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

A A R O R AR e A O A e
PO S LA S P P P\ ‘\J\é[- A\

5 v v o +
= T | T I T | T T T T T I . I -
(/)]
g 1 E-' '." 'I-.-l""i'-'-- SRR el B e RN e e -._' i} i} _E
© i _ :
c a - Y .
E 10 3 - -
- 2 [ — r 1+ °r r 1 -
2 107 F i
£ F iyt e 5
Q L0.75 | © | ]
m i -
_ -3 O "_fs
T 10 05 _ . o
= : 0 100 200 300 400 3
= [ Nurlnber of plarticipantls | | | :

STAR whitepaper, NPA757(2005) 200 GeV "'Au + "°"Au central collision
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10
/\ thermal model (Au+Au)
10”7

A. Andronic, P. Braun-Munzinger, J.

l I T %
1 2 3 4 5
A

P. Braun-Munzinger, J. Stac
A. Andror

Ratio
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—— — thermal model parameters from fit of other hadron yields
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A
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He x
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1 double ratio in model

s independent and
always below 1
STAR authors argue that

ﬁ_ this ratio is expected to be

Johanna Stachel

3 A
L 2 Hexﬁ
| “H i
4Hexé
1 II\IJ[ pl 1 1 I\Illl 1 1 1 L 1111
10 10?
Sy (GeV)

| near |

this is the case only before

1 feeding (which increases
| yields by factors 5 and 3.5)

103ir1 that case thermal ratio is

also 0.86

(B30 RUPRECHT-KARLS-UNIVERSITAT HEIDELBERG

=
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Strangeness Fluctuation

Hadronic scenatio

-0.7500
-0.5833
-0.4167
-0.2500
-0.08333
0.08333
0.2500
0.4167
0.5833
0.7500

Evaporation

Strangelet MEMC's

Y Axis [fm]

H - dibaryon @ A - droplet

(multi-)
hypernuclei

8 6 4 -2 0 2 4 6 8
X Axis [fm]

UrQMD E-by-E Distribution of the strangeness to baryon fraction in the transverse plane (z=0 fm).

Jan Steinheimer , Horst Stoecker, Ingo Augustin, Anton Andronic, Takehiko Saito,Peter Senger,
Progress in Particle and Nuclear Physics 62 (2009) 313317
J. Steinheimer: SQM09
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ar Yields as a measure of correlation

1.2 ——— —— ——
Volume 98B, number 3 PHYSICS LETTERS 8 January 1981 T | e Au+Au 7
: . 1 op+p | i QGP —]
probability F4(p), which is determined by the deuteron internal wave function {4 and the spatial distribution C . 7
functions D and Dy, through eq. (9). If the k-dependences of P,(k) and Py (k) are weak compared with the p-de- 0.8 : ]
pendence ode(p), eq. (8) becomes equivalent to eq. (1) for Z=N =1 with - .
[%)] — -
om - —
43 ?TPS = fdp Fd(p) . (1) © 0.6 = :
Using eq. (9), one can express the coalescence volume in terms of ¥4, D, and D, as 0.4 - g ° * e e ® —:
, e - rQMD .
3ap3 =233+ @m3 [driva)2Dyr), Dar) = [ @' Dy D). (11,12) 0.2~ urQ E
D;(r) gives the distribution of the p—n relative coordinate in the HX and is closely related to the interaction vol- oL | Ll N
ume introduced by Mekjian [6]. In fact, if the spatial size of the internal wave function Y4 is much smaller than 1 10 102 10°
that of the HX, then eq. (11) gives N
part
bapertcno. IOGIONGCISURIE
. S. Haussler, H. Stoecker, M. Bleicher, PRC73
D5(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 = L il ————— ]
with the spatial size of the HX. 35F UrQMD " A+A =
Expressions analogous to eqgs. (8—10) can be obtained for the other composite particles such as 3H, 3He and = r o p+p =
4He. In the case of triton (3H) one gets 3 = —;
e s ; 25F E
P(L,R;5k)= | dpy dpy Fi(py,pa) Ppk +py) Pylk —5p1 +py) Pk —3p1 —P3), a4y c ]
Ny o 2F E
‘h 2 ~ ~ E ]
Flpi.py)=3 "5 ~ Vi (P1 434102+ 302)0(Py ~ 141,92~ 342) 1.5 =
(2m) NE QGP 1
X Dy(@1)Dp(~341 +42)Dn(~541 —42) , (15) 05 - _ ]
e D - -
where 10, is the Fourier transform of the triton internal wave function ¥,. The coalescence volume is related to = s £ " 3
Ftas oC I I ......I2 I I ......—3
1 10 10
1Gp3)? = fdm dpy Fi(p1.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)

3 H
A .3 E
IHe EHEH% M| Hex 5 | °*A=3, asimple and perfect system
%L},CI[)T | 9 valence quarks,
[ﬁ?’ 1 (He, t, 3,H)>(u, d, s)+4u+4d
3 - *Ratio measures Lambda-nucleon correlation
3 A .
u He x P -+ RHIC: Lambda-nucleon similar phase space
g 4 1 * AGS: systematically lower than RHIC
‘Hexd IR B —_
| lvl | F’I e e e T =>» Strangeness phase-space equilibrium
2 3 4 5 6 7

* 3He/t measures charge-baryon correlation
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ﬁ‘m EH/ *He . Primordial A-B correlation

Ratio
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1.2

0.8

0.6

0.4

0.2

DOI: 10.1126/science. 1183980
% 11.0
3
H 1
M ' —
He x A M| "Hex 2 4
°He P P _08
PV '
06
3 —
H
T 4
He x =
m ° -
g, AH Ju
4 A o
‘lr He x 5 |
1 | | 1 | 1 | 1 | L 100
2 3 4 5 6
NSy
Caution:

measurements related to local (strangeness baryon)-baryon
correlation

BS, B
%1112

SB

NT:4 —a—

6 —a—

- M. Cheng et al., PRD79(2009)
| | | | T |:'II|III|e‘I|‘IIII]I
100 130 200 250 300 320
11,

Lattice Simulations of (all strangeness)—(all baryon)

correlation at zero chemical potential
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ﬁk Energy scan to establish the trend

1.E- T T T T TTT] T T T T TTT] T T
B 3 S. Zhang et al., arXiv:0908.3357 (PLB)
1.6 — s -
I ey i STARIRHIC (expt. data)
14 - H&:-c-n-
il . ES64/AGS {expt. data)
C o 121 aGP
o = B D]:l]]]] Hadron gas
g © os[ ¥ —==
2 L "He &
06
04 .
Hadronic Gas - aH
k- 0.2 2}4H A
| & X F
0 250 5w 750 1w) u 1 1 IIIIIII 1 1 IIIIIII 1 1
Baryon Chemical Potential i1z (MeV) .1 .1 n 1 02
S, (GeV)
Beam energy 200(30—200) GeV | ~17 (10—30)GeV | ~5(5-10) GeV
Minbias events# (5c) 300M ~10—100M ~1—10M
Penalty factor 1448 368 48 )
Hypertriton only
3He invariant yields 1.6x10¢ 2x10* 0.01 STAR: DAQ1000+TOF
3 \H/He assumed 1.0 0.3 0.05
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ar  Antinuclei in nature (new physics)

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

£ Tour of the AMS Experiment - Windows Internet Explorer

= N
@\- /]v ‘ghttp:j;‘cyclo.mrc.eduj-vbmonreab‘frames.phys.htmI b | 5| A | | Jellis

File Edit WView Favorites Tools Help

Links @] Customize Links @] Free Hotmail & | Windows W& Windows Marketplace & Windows Mec R H I C a n a n tl m atte r m ac h I n e

pdf" | B search|[F 0| 2 POF
]7\ e D = j Page ¥ ;' ¢ Tools it
~+ Antimatter Galaxies
> Where is all the antimatter in the universe? The Universe appears to have been created 13.7
fl{ « billion years ago, in an explosion called the "Big Bang". This explosion actually created all of the
i | Universe's particles out of a burst of energy. Now, particle physicists have been studying how
 particles behave when subjected to this sort of energy, and after decades of work, we understand
2 high-energy particles very well. There is one nagging unanswered question, though: our best
iy particle-physics studies show that matter and antimatter are always created in equal amounts. You
Welcome to the web page of the can't make a proton without making an antiproton. You can't make an electron without making an
AMS-02 experiment. Click on the antielectron
links below to learn more! Seeing a mere antiproton or antielectron does not mean much- after all,
- th rticl r r ts of high-ener rticl llisions.
TheAlplia Maguetic ese particles are byproducts of high-energy particle collisions
Spectrometer (AMS) However, complex nuclei like anti-helium or anti-carbon are almost

never created in collisions.

A particle phyvsics experiment in

SpAce Seeing a mere antiproton or antielectron does not mean much - after all, these particles are byproducts of high-energy particle
collisions. However, complex nuclei like anti-helium or anti-carbon are almost never created in collisions. But they would be
L. M made abundantly by nuclear fusion 1n an anti-star!
2. Mission overview
3. w . So. AMS will search for anti-helium nuclei. First we try to very cleanly identify particles with the right charge (+-2); then we
Physics Topics examine these particles' tracks and see how they bend in the magnetic field. Ordinary helium will bend to the left, antimatter
i' (w) . helium will bend to the right. A single really clean detection would be really exciting!
g- %ﬁ’m (back to top) - (back to AMS Tour)
. cold dark matter . . . TR B
1 e 3 AMS antiHelium/Helium sensitivity: 10-°

Dark Matter, Black Hole=>» antinucleus production via coalescence

20



What can we do with antimatter?

Weapon?

epartments | Science | ESS&H | Newsroom | Administration | Visitors | Directory

CRTIT TT 2 (RALS R

Contacts: Kendra Snyder, (631) 344-8191 or Mona S. Rowe, (631) 344-5056

Media Advisory: The Science of “Angels & Demons” Revealed

Could antimatter really destroy the Vatican? Brookhaven scientist, local educators
discuss science myths and facts in movie

May 15, 2009

EVENT: During a free and public event, a physicist
from the U.S. Department of Energy’s Brookhaven
National Laboratory and local educators will
separate the science facts from the science fiction
of "Angels & Demons,” a major motion picture
based on Dan Brown's best-selling novel. The film,
which opens nationally in theaters today, focuses
on a plot to destroy the Vatican using antimatter
stolen from the Large Hadron Collider (LHC) at the
European particle physics laboratory CERN.
Speakers will explain the real science of the LHC,
including antimatter — oppositely charged cousins
of ordinary matter with intriguing properties.

WHEN: Wednesday, May 27, 2009, 5:30 p.m.

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.

Rocket propulsion

ATAA-2003-4676
39th ATAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, Huntsville Alabama, July 20-23, 2003

HOW TO BUILD AN ANTIMATTER ROCKET FOR INTERSTELLAR MISSIONS
SYSTEMS LEVEL CONSIDERATIONS IN DESIGNING ADVANCED PROPULSION
TECHNOLOGY VEHICLES

Robert H. Frisbee
Jet Propulsion Laboratory, California Institute of Technology
4800 Oak Grove Drive, Mail Code 125-109
Pasadena CA 91109

Power Conversion Refrigerator Propellant Tank Radiator Annihilation
System Radiator Radiator Refrigerator Thermal Shields 7.7km Shield Pgint
44— T76km————p \ 4P G—515km

£ EMBORANC D C W R

S""""/ Vehicle
Power Payload Spacecrait Anti-sH2 | 1sp=0.33c, AV=0.25¢ LH2 Systems & Shleld Magnet &
System (100 MT) Systems  Tank |2=0.01gees, D=40LY| 1ank  Ppayload Shield Radiator  Shield

Figure 6. Conceptual Systems for an Antimatter Propulsion System.




ﬁm hypernuclei and antimatter from

correlations in the Vacuum

Fundamental Issues in the Physics of Elementary
Matter:
Cold Valleys and Fusion of Superheavy Nuclei -
Hypernuclei — Antinuclei — Correlations in the
Vacuum

Walter Greiner

g 7

llzl

Zy

Z S

Real 3-D periodic table

)
E

*
|/

Pull a from vacuum
(Dirac Sea)
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ﬁ“ Creating first Antinucleus Atomcules

Metastable antiproton-helium atom discovered at KEK:
Iwasaki, PRL 67 (1991); nature 361 (1993) 238

Mass difference: p-pbar < 2x10-°; Hori, PRL 96 (2006);
measurement of baryon mass and magnetic moment
for CPT test at LEAR/CERN
http://asacusa.web.cern.ch/ASACUSA/index-e.html

What happens if we replace antiproton
with antideuteron, antitriton or antiHelium3

Atomic structure should be the same
for antideuteron and antitriton (-1 charge)
Reduced mass M* will be different.

Only RHIC can answer this question with
enough antimatter nuclei for such study

Possible Physics Topics:
*Measure antinucleus mass and magnetic moment for CPT test,
*Study the antinucleus annihilation process (sequence)
«antinucleus-nucleus Annihilation
(what do they create? Hot or cold matter)
* Maybe even antiAlpha Atomcule

1836.15271 |

1836.15270 |

1836.15269 |-

1836.15268 -

1836.15267 -

Proton—electron mass ratio

CODATA

1986

2002
CODATA
¢ +<—Antiproton

1998 + (ASACUSA)

CODATA
Lo b

1990 2000 2010
Year
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Vision from the past

' S Z Antimatter
35

33— 3—

He t

3

2.5
d

2

1:5
p n
. ?
??
0.5
e
0 T T T T T T T

1932 1955 1956 1965 1971 1975 1995 2009 2011

Mass
Ql

Tl

Discovery Year

The extension of the periodic system into the sectors of hypermatter
(strangeness) and antimatter is of general and astrophysical importance.
... The ideas proposed here, the verification of which will need the
commitment for 2-4 decades of research, could be such a vision
with considerable attraction for the best young physicists... | can already
see the enthusiasm in the eyes of young scientists, when | unfold these
ideas to them — similarly as it was 30 years ago,...

---- Walter Greiner (2001)
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Projected Discovery of antimatter alpha particle from STAR runl0

How many possible antimatter
nuclei can we discover?

Antihypertriton, antialpha;
antihyperH4?

Can we get to antimatter °He?

Unless technology and Physics
change dramatically, NO!

Antimatter

1932 1955 1956 1965 1971 1975

Discovery Year

1995

2009

_L—l.
C)Oru

1
107
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/A=0.875 GeV/c)

Pr
3
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d
iy
3

1;_._1 0’

B 107°
% 107°
J

-10
-010 -5

Constant  2.419 £ 0.06197
Slope —7.0741 0.05425

Constant  2.588 £ 0.05962

Slope 7484 £0.05217

>10 O arxiv:0909.0566

2 -1 0 1 2 3 4
Atomic Mass Number
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AR

DOE FY2011 Congressional Budget Request

for Science

large Electromagnetic Calorimeter (EMCal) detector to be installed in phases in the ALICE experiment
over the next few years. First heavy ion beam operations at the LHC are expected to start in 2010.

The RHIC and LHC research programs are directed primarily at answering the overarching questions
that define the first frontier identified by the nuclear science community—Quantum Chromodynamics
(QCD). The fundamental questions addressed include: What are the phases of strongly interacting
matter, and what roles do they play in the cosmos? What governs the transition of quarks and gluons
into pions and nucleons? What determines the key features of QCD, and what is their relation to the
nature of gravity and spacetime?

The funding for this subprogram is increased in FY 2011 to operate RHIC near optimal levels and to
maintain research efforts.

Selected FY 2009 Accomplishments

= Scientists continued work to determine the physical characteristics of the perfeet liquid produced in
the highly energetic nucleus-nucleus collisions at RHIC. The temperature is one of the most
important of these characteristics because it is a measure of the average energy of the particles inside
this liquid. Energetic photons (or light) emanating from this perfect liquid have been observed and
are one indicator of temperature. Further, data analysis now suggests that the initial fluid temperature
may correspond to an energy greater than 300 MeV which exceeds the critical temperature thought
necessary for the formation of the quark-gluon plasma.

= The formation of the anti-hypertriton (a hypertriton is a hypernucleus which is a nucleus that
contains at least one hyperon—an unstable particle with a mass greater than a neutron—in addition
to nucleons) is a major new discovery at RHIC. This observation could provide important
information about the interior structure of neutron stars and the development of the cosmos.

= InFY 2009, RHIC delivered high intensity beams of polarized protons. Polarized protons were
successfully accelerated to 250 GeV and first collisions for physics measurements at this energy
oceurred for several weeks.

= Plans for luminosity improvements for heavy ion collisions by implementing bunched-beam
stochastic cooling systems are in progress. Tests have validated modeling codes which predict
luminosity enhancement is feasible. Recovery Act funding has aceelerated plans for stochastic
cooling systems which are expected to be available in each RHIC collider ring by 2012. Accelerator
scientists expect the planned implementation of longitudinal and transverse stochastic cooling to
both accelerator rings, together with a new 56 MHz storage radio frequency system, will provide a
10-fold inerease in gold beam luminosity by 2012, With these technological advances, the
previously envisioned RHIC Il upgrade is no longer needed and has been canceled by the NP
program, saving the federal government approximately $100,000,000.

Detailed Justification

(dollars in thousands)

"This experimental discovery may have
unprecedented consequences for our view on/of
the world" says Prof. Dr. Horst Stoecker, vice
president of helImholtz gemeinschaft of german
national laboratories, a veteran of relaticistic
heavy ion physics, "antihypertriton pushes open
the door to new dimensions in the nuclear chart:
from to the antimatter world and to the world of

anti-hypermatter - just a few years ago this would

have been viewed as impossible.”

PHYSICS

Fishing Antihypernuclei
Out of a Quark-Gluon Soup

Thomas D. Cohen

vantum field theory is the general

framework for combining special

relativity and quantum mechanics;

it is the formalism that deseribes the
standard model of particle physics. The math-
ematical structure of quantum field theory
requires that all types of particles have anti-
particles of the same mass but the opposite
electric charge. In fact, the implications are
braader: Any physical system descritable in
quantum field theory—no matter how com-
plexor exotic—has anantimatter anal og with
an identical mass. Thus, a versicn of guan-
tumn field theory rich enough to allow for the

| Fy2000 [ Fy2o10 | Fy2om
Research 40,649 48,780 49,083
= University Research 14,009 14,474 15,511

Research support 1s provided for about 120 seientists and 100 graduate students at 30 universities in
19 states. Funding supports research efforts at RHIC and the continuation of a modest program at the
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Heavy Ion Nuclear Physics Page 311 FY 2011 Congressional Budget

CHELAT: B HUEYISCENCE

existence of elepl must equalby allow for

Maryland Center for Fundamental Physics and Physics
Deparment, University of Maryland, College Park, MD
20742, USA. E-mail: cohen @umd. edu

antielephants. On page 58 of th
STAR Callaboration (J, 2) disc
mation of a complex particle, an antibypertri-
ton, an exotic relative ofthe nucleus ofiritium
that contains a particular variety of elemen-
tary particle known as the stmnge quark.

Of course, antielephants have vet to be
seer, our universe has a vast preponderance of
ondinary matter over antimatter. It is not com-
pletely understood why our universe displays
this asymmetry, but because it does, it is very
hard to make complicated states of antimat-
ter. Antiparticles can be made and even used.
For example, positrons—positively charged
electrons—areemitiad incertain nuckar decay
processes and used in imaging. However, anti-
particles usually encourter normal matker soon

afler they form, which results in their annihila-

Rare antimatter hypernuclei can form when an
ultrahigh-energy plasma of quarks and gluons
cools down.

tion by conversion intoneutral particles such as
photons, In practice, even if one had the vast
number of positrons, antiprotons, and antneu-
troms neseded foran antizkephant, they would be
annihilated long before they could be arranged
intoan antielephant,

Antielephants may not be practical to cre-
ate, but it is possible to create relatively
plex antimatter systems, One way Lo create
such systemns is via extremely energetic heavy-
ion col ch as those produced at the
Relativistic Heavy-Ton Collider (RHIC) at
Brookhaven National Labomtory. The STAR
Caollaboration was able to form and detect an
antihypertriton, which may crudely be thought
ofas a variant of an ondinary triton, or tritum
nuclens *H, the heavy isotope of hydrogen with
one predon and two neutrons (see the figune).
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ﬁn Fun news about the discovery

nature VWS

Brookhaven National Laboratory
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A New Antimatter Particle Created

news, all the time
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'‘Negatively strange' antihypermatter made out of gold

Atomsmash boffins' reverse alchemy bizarro-stuff triumph
By Lewis Page - Get more from this author
Posted in Physics, 5th March 2010 15:36 GMT

Hitachi IT Qperations Analyzer: 30-day free trial By smashing particles together at close to light

speed inside an atom smasher, scientists created a

The antimatter particle was created at the

Relativistic Heavy Ton Collider at never-before-seen type of matter: an anti-
Topilight international reverse-alchemy boffins say they have managed to transmute gold Brookhaven National Laboratory in Uston, | hypertriton s
MY :

into an entirely new form of "negatively strange" antihypernucleic antimatter. ulira-bizarre

stuff which cannot possibly occur naturally - except perhaps inside the cores of collapsed WISl s A O I A R T RIS

normal matter, but its eerie opposite, called

stars er, the inverted antimatter, which annihilates whenever it comes into
e matter”, is ha contact with regular mass. Second, the anti-
The transmutation was carried out at the Relativistic Heawy | i «  savy antimattel yper oA r s e st ange g parnce)
i vy lon Collider (RHIC). a powerful ¥ meaning it contains a rare building block called a
atom-smasher located at America's Brookhaven National Laboratory. Blasting a pair of high- Nas been foun strange quark, which isn't present in the protons
ljor achievemer and neutrons that make up regular atoms.

energy gold nuclei into each other as is their wont, RHIC boffins found they had created

something very odd indeed. /istic Heavy lor

ookhaven Natic The experiment was conducted at the Relativistic

Heavy Ion Collider at Brookhaven National Laboratory

timatter is well | in Upton, N.Y. The results were announced in March
S . 2010.
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%\Km Conclusions

4 %ﬁ has been observed for 15t time; significance ~4c.

€ Consistency check has been done on XH analysis;
significance is ~5c

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

H H patio
The_A /at1 ratio is measured as 0.49+0.18, and

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

@ The 2H/3He ratio is determined to be 0.89 + 0.28, and

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

Strangeness phase space equilibrium
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< 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+r channel measurement: d and dbar via ToF.

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

€ Search for anti-o,, antinucleus atomcules

€ RHIC: best antimatter machine
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Metastable antiproton-helium atom discovered at KEK: Iwasaki, PRL 67 (1991)
Mass difference: p-pbar < 2x10?; Hori, PRL 96 (2006);

best measurement of baryon mass and magnetic moment for CPT test at LEAR/CERN
http://asacusa.web.cern.ch/ASACUSA/index-e.html
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ﬁle Proposal

1. PhaseO (runl10: search for possible signals):
Using TPC and its material for possible atomcule
creation

Signature: Au+Au collisions followed by a delayed
burst of charged pions originated in TPC

Trigger and Delayed emmission using TOF
ZDC+TOF (Au+Au) coincidence with
delayed TOF multiplicity (dt~>200ns)

Antiproton actomcule (3<NdTOF<5)
Antideuteron atomcule (5<NdTOF<10)
Antitriton atomcule (NdTOF>10)

2. Phasel (runll: Helium bag)

Using Helium gas to create antinucleus Helium
Atom

Helium is the only known material to create
atomcules

Replace the air between TPC and beampipe by
helium bag (PHENIX has done this in the past)

Reduce radiation length and create atomcules
Using trigger logics from Phase0

3. Phase2: (precision measurements)

Liquid Helium (tank or TPC) surrounding beam pipe
Dedicated runs

Liquid Helium (tank or TPC) replaces one of the

BEMC module
4. Phase3 and beyond: Current proposal concerns phase0 and phase1

rl r troscopy ?
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Ak Current hypernucleus experiments

/ .

JLab

» 2000~

* Electro-production

» Single A-hypernuclei
» A-wavefunction

PANDA at FAIR '
« 2012~ e SPHERE at JINR

* Heavy ion beams
/ * Single A-hypernuclei
HypHI at GSI/FAIR
MAMI C : a Hgavy ion beams |
« 2007~ » Single A-hypernuclei at

extreme isospins
* Magnetic moments

* Anti-proton beam
* Double A-hypernuclei
* y-ray spectroscopy

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

FINUDA at DA®NE
- e*e collider J-PARC
« Stopped-K- reaction * 2009~

« Single A-hypernuclei * Intense K" beam :
- y-ray spectroscopy » Single and double A-hypernuclei

(2012~) « y-ray spectroscopy [J

Basic map from Saito, HYP06
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