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fesi o CPAIrinvariance

® CPT theorem
— Assumptions:
Local Quantum Field Theory, Lorenz Invariance, Unitary
— Conseguences for particles and antiparticles:
e Equal mass, lifetime
» Equal and opposite charge and magnetic moment
 |dentical energy levels

™ Not necessarily valid at Planck Scale
— Gravity (curved space-time) - Unitarity?
— Strings (non-local) - Field Theory?
— Higher dimensions, Non-commutative geometry = Lorentz violation?

® Many recent theories CPT (Kostelecky, Ellis, Yanagida etc.)
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Recent CPTF anadl L orentz vielating theories

Robert Bluhm, V. Alan Kostelecky, Charles D. Lane, and Neil Russell
Clock-comparison tests of Lorentzand CPT symmetry in space, Phys. Rev. Lett. 88, 90801 (2002)

V. Alan K ostelecky, Charles D. Lane, and Austin G.M. Pickering
One-loop renormalization of Lorentzviolating electrodynamics, Phys. Rev. D 65, 56006 (2002)

Sean M. Carroll, Jeffrey A. Harvey, V. AlanK ostelecky, Charles D. Lane, and Takemi Okamoto
Noncommuitative field theory and Lorentz violation, Phys. Rev. Lett. 87, 141601 (2001)

V. Alan Kostelecky and M atthew M ewes
Cosmological constraints onLorentz violation in electrodynamics, Phys. Rev. Lett. 87, 251304 (2001)

V. Alan K ostelecky and Robertus Potting
Analytical construction of a nonperturbative vacuum for the openbosonic string, Phys. Rev. D 63, 46007 (2001)

V. Alan K ostelecky and Ralf Lehnert Stability, causality, and Lorentzand CPT violation, Phys. Rev. D 63, 65008 (2001)

V. Alan K ostelecky and Agnes Roberts Analogue models for T and CPT violation in neutral- meson oscillations, Phys. Rev.
D 63, 96002 (2001)

V. Alan Kostelecky CPT, T, and Lorentz violation in neutral- meson oscillations, Phys. Rev. D 64, 76001 (2001)

V. Alan Kostelecky Signas for CPT and Lorentz violation in neutral- meson oscillations, Phys. Rev. D 61, 16002 (2000)
Robert Bluhm, V. Alan Kostelecky, and Charles D. Lane CPT and Lorentztests with muons, Phys. Rev. Lett. 84, 1098
(2000)

Robert Bluhmand V. Alan Kostelecky Lorentzand CPT tests with spin-polarized solids, Phys. Rev. Lett. 84, 1381 (2000)

V. Alan K ostelecky and Charles D. Lane Constraints on Lorentz violation from clock-comparison experiments, Phys. Rev.
D 60, 116010 (1999)

Robert Bluhm, V. Alan K ostelecky, and Nell Russell CPT and Lorentztests in hydrogen and antihydrogen, Phys. Rev. Lett.
82, 2254 (1999)

R. Jackiwand V. Alan Kostelecky Radiatively induced Lorentzand CPT violation in electrodynamics, Phys. Rev. Lett. 82,
3572 (1999)

V. Alan Kostelecky Senstivity of CPT tests with neutral mesons, Phys. Rev. Lett. 80, 1818 (1998)

Robert Bluhm, V. Alan K ostelecky, and Neil Russell CPT and Lorentztests in Penning traps, Phys. Rev. D 57, 3932 (1998)
D. Colladay and V. Alan K ostelecky Lorentz violating extension of the standard model, Phys. Rev. D 58, 116002 (1998)
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Recent CPT and LLorentz vielating theories (cont’ d)

B Robert Bluhm, V. Alan Kostelecky, and Neil Russell

Testing CPT with anomalous magnetic moments, Phys. Rev. Lett. 79, 1432 (1997)
B DonColladayand V. Alan Kostelecky

CPT violation and the standard model, Phys. Rev. D 55, 6760 (1997)

B V. Alan Kostelecky and R. Van K ooten
Bounding CPT violation in the neutral B system, Phys. Rev. D 54, 5585 (1996)

Makoto C. Fujiwara, ATHENA First Production of Cold Antihydrogen



Recent CPT and Lt orentz violating theories, tests

Other Theory
® J.Bachall et al. How accurately can one test CPT conservation with reactor and solar neutrino
experiments? hep-ph/0201211 (2002)
H. Murayamaand T. Yanagida LSND, SN1987A, and CPT violation, Phys. Lett. 520B 263 (2001)

N. I'sger et al. Background enhancement of CPT reach at an asymmetric phi factory, Phys. Lett. 5158 333
(2001)

S. Coleman and S. Glashow High energy tests of Lorentz invariance, Phys. Rev. D 59 116008 (1999)
J. Elliset al. Phys. Lett. 293B 142 (1992)

P. Huet and M. E. Peskin Nucl. Phys. B 434 3 (1995)

S. Hawking Phys. Rev D 14 2460 (1975)

|. Mocioiu et al., Breaking CPT by mixed non-commutability hep-ph/0108136

Experimental Tests

M. Hori et al. ASACUSA: anti-protonic helium

V. Hughes et al. Muonium hyperfine structure

H. Dehmélt et al. electron and positron in penning trap
G. Gabrielseet al. proton and antiproton in penning trap
CPLEAR neutra kaon massdifference
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Proping Planck-scale physics with CPT vielation

Unitarity violation
Planck Scale M,

£2PT effects suppressed by
&m O

n -

MPI (]

Lorentz

CPT symmetry
Low energy scale m

Standard Model Ljorentz
PT V|o|at| n?

Normally Mg, ~ 10" GeV
|f Large Extra Dimension with M,* ~103GeV
— Possibly “large” CPTV at low energy?

energy
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V Gravitatiienalaccaeraiion o antimatter

Possible Non-Newtonean gravity with vector coupling
No direct measurements
CPT theorem does not help

CPT Symmetric Situation Not:

Apple Anti-Apple Anti-Appfe

Anti-Earth
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Baryoegenesis; Where Do \We Come Fronm?

B Baryon asymmetry:
no anti-universe observed
B Standard scenario:

SakharoVv' sconditions
- Baryon number violation
- C, and CP violation
- Out of thermal equilibrium
B New physics beyond SM required
- CPV from CKM not large enough R e
- Problems with vacuum phase transitions Hubble Deep Feld

Hubble Space Telescope - WFPC2

B Other source of baryon asymmetry L ee—

- CPT violation?

A.D. Dolgov, YaB. Zeldovich, Rev. Mod. Phys. 53, 1 (1981)
O. Bertolami et al., Phys. Lett. B 395, 178 (1997)
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PravieusCrI ests

Precision of some CPT Tesis

i
magnetic

moment (g-2)
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2-Photon

¥ Neutral Kaon analysis
model dependent
— Possible CPTV suppressed
M, -M, (10%)
— 10% test of CPTV interact.
(K obayashi and Sanda)

W Pattern of CPTV totally
unknown

spectroscopy

(1S - 29)

sectors should
be tested

— All
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(ARL)AYareoen SPECHIOSCoRY,
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v Antimattes BreriEiisieny

Antiparticles:
1927 Dirac predicts the anti-electron

1931 Anderson registers positrons from cosmic rays
1955 Discovery of the Antiproton at the Bevatron

Paul Dirac Emilio Segre, Clyde Wiegand, Edward Lofgren
Owen Chamberlain, Tom Y psilantis
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Relativistic Antinydiregen

» 1992 Suggestion by Munger et al: pbar + Z — hbar
» 1996 Production of 9 antihydrogen atoms reported at LEAR

LEAR
1986-1996

No precision studies could be performed
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ATHENA=1Z GOAIL

FIRST PRODUCTION OF
COLD ANTIHYDROGEN (hbar)

I

o
Deceleration (MeV) —» ‘WW al
o

Trapping (keV)

109

|

Plasma diagnosis/manipulation

p-and e’ in mixing trap

Antihydrogen formation CHA.LL ENGFTS
« Making everything
work at sametime

Detection of annihilation « Competition
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Antiproton D

Complex at

Andproton Prosduction,
Caxlechion, Decaisralion.
mmd Cooling

PS

Frofons accaderaten tor andprohed prockiucion

Pbar: |
35GeVic %\ e =
} %, P:26GeV/c e Pulsed beam:
100 MeV/c ) 4x107 /pulse, every 100 sec
e 3experimentsat AD:
e Economical successor of LEAR Asacusa --- pbar-He, collisions
» Made possible by large financial Athena --- antihydrogen

contribution from Japan Atrap --- antihydrogen
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CERN-AD Experiments

HII

T —

e -




Migkiing el ElirsEColdFARtIRYCregen

Hot Race for Cold Antihydrogen
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vV Vilestenes since L EAR 2000

June 2001 July 2001 Sept 2001 Dec 2001

Pbar transfer Pbar Vertex

between traps

Pbar lifetime
>10 hours

25M positrons
in 3T

July 2002 Detailed Aug 27 Sep 3 Sep 18 2002
studies

Published in
submitted\  accepted \Nature on-ling

ATRAP
publisned

First indications
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Y Tihis Talk

W First cold antihydrogen with 131+ 22 golden events
—>more than 50000 antihydrogen
™ Apologies: we were too conservative

@ Preliminary results: production of ~1 million
antihydrogen with high initial rate >100 Hz

@ Many other measurements
¥ Future Prospects
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1996
1996
1997
1997
2000

Antiproten Decelerator

Design Report

3 collaborations form

Feb: CERN approval of AD
Jun: SPSC approves EXPTs
July: First data taking at AD

* Economical successor
of LEAR

* Made possible by large
financial contribution
from Japan
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Y ATHENA AntihydrogenApparatus

Antiproton Accumulatior&
Mixing with positrons Ji Na-22
t

ﬂ Cryosta _ Source
_ : , { ‘ — Positron Accumulator N
: 3T superconducting solenoi : = — 1 a
Eyﬁ] [T ———_ o o € E—ﬂ
Antiproton 0 1m
ATHENA Features
e Open access system
(no sealed vacuum)

» Powerful et source

* Plasma control

* Highly Segmented
Hbar detector
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Making of Cold Antihydrogen

movie
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S100 -

Trap potential (V)

'

—l

o
L

r
=
.

10* pbars & 108 e mixed in Penning trap
Hbar forms, annihilates on electrode
pbar annihilates into charged pions

e" annihilates into back-to-back gs
cos(d,,), opening angle of two 511keV gs,

12 seen from the vertex, is plotted
@ Neutral pions give uncorrelated background

200 Monte Garlo

S strips

25¢cm
+“—>

160

Csl crystals

-1 -0.5 0 0.5 1
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Frapping chargediparticiesin Penning e

HOW A TRAP WORKS

particles forced on circular
orbits transverse to

direction of magnetic field .
electrically magnetic field Exam ple .

charged rings lines n

poles of magnet Trapped electronat B=3 T, E=1¢eV, U~ 10V
T 0 F 1) Cyclotron motion (perpendicular to B)

f=84 GHz,r~1pum

Emission of synchrotron radiation + cooling

\V L
tCOO|~O'38

2) Axial motion (along B)
electric field
f~7MHz,d~um ... cm

3) E x B drift (‘magnetron’)

f~kHz, r~mm
(positive) particle
repelled by
(postive) voltages

Dissipative vs dynamical trapping
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Y Antiproten Catehing & Cooling

8) Degrading | Solenoid - B = 3 Tesla | Sbeamcouner — Degrader  Electon cloud
.I" € t=0s
Antiprotons S
Degrader
| |
Cold electron cloud “ e e T e
[cooled by Synchtrotron Radiation, t ~ 0.4s] H R —
b) Reflecting 99.9% ost Capture Trap
0
O ) .
. t =200 ns Segmented Si (67 1) beam
Potential counter
c) Trapping
[\ —
" Potential t=500ns
c) Cooling
gy—/ t~20s
Potential _
[through Coulomb interaction] Antiproton Capture Trap

About 10000 antiprotons are captured from an AD shot.
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Antiproten €ooling

Electron Cooling in ATHENA

_ T1
E : 8 s cooling time _.\ antipmtens
T | ——
E - T1
o : T2 T2
ul
:
E - ™ Coolingtime 20-40 sec
. o 20 s cooling time i o
5 b ® Cooling efficiency>80%
T " T2 e L.
5 o W Lifetime> 10 h
“ i = Transfer pbars into mixing
:I_ 2000 20200 20400 trap
Time since p arrival (ms) I Rernove eleCtronS
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Y  AccumulatingPesitrens

Dissipative trapping with N, buffer gas

Inelastic
A collisions

40V / with buffer gas

— Positrons (~ few eV) mﬁ. —
L }, ¢ o

D

T o |

H¥A

;2 -

oo
Positron
III]["]III

(concept by C. Surko et al., Non-neutral plasmas Voal. 3, 3-12; AIP 1999)
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Y  AccumulatingPesitrens

segmented electrode
for Rotating Wall
. . ! Segmented
Main solenoid magnet | Faraday Cp
Cheesecake coils ~ 300 Gauss each R ~15 EGEUSS - ¥ 2
Small solenoid ~ 300 Gauss [ - | | ,='
Coldhead I ﬂ I e ﬂ M v
— = ,—EE o O i S
Gas outlet 1—-—-—-—-l_
| 1 | P —]
T=6K ! : g P ;
40 mCi “Na ' l Endpressure with gas off : ~5 x 10 mb;f n; L |
p+ radioactive source  Ollfree | Cryopump uss'Lawsignal - o ropump

Solid neon moderator  (UrPOPUMP

Beam strength:
5 million e+ per second
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V AT ENATPasItron Acclmulater;

Based on buffer gas accumulation method by SUrKO (Non-neutral plasmas vol. 3, 3-12; AlP 1999)

Accumulated positrons vs time
Accumulation rate ~1C° e*/sec

200
180 1 150 million positrons/ 5 min
é 140 ~50% transfer
5 2 / efficiency into 3T
% 100 v
&£ 80 /
L. 75 million cold e*
5 miiiion Cold e
2 . .
20 N for mixing/5 min
0 1 | | | S I
2 4 6 g 10
Accumulation Time [min] Lifetime: many hours
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v AN ENASARNRYCFegEINAPPARaIUS

Antiproton Accumulatio&
Mixing with positrons ﬁ

—_— PL_—— —————————————— T
p 3 T superconducting solenoid
|

_-125 -
=
©
S 100 A
S
o
g
= -75 -
-50..- T T T T T T T
0 2 4 6 8 10 12
Length (cm)
2.5 cm S < - = '.‘:HD > B
l’ 108 104 J

mixing trap electrodes
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Y Phar-Poesitren Mixine

1251 |

S antiprotons

I

£ 1004

°

o

&

g 75
201 T T T T T T

0 2 4 6 8 10 12
Length (cm)

2.5 cm L e -,°:HH > B
! 108 i

mixing trap electrodes

104 antiprotons are mixed with 108 positrons in a double trap configuration
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| nteraction

— Wwith electrons L 60 antiprotons with electrons
L -40 4
- 20 positrons
T T T T 1 1 T
L 0 2 4 6 8 10 12
L=t T et T T E Y TS T (=TT - =t
e
—190s mixing | |
L
11,
N [ H.o L
— ‘_‘—, _ yJ LL, Ay
JH No Positrons antiprotons at injection
-604°%,
J J» 40 Y, :’mewf?"":h';’"'
J L -207
r‘JJ- L T T T T [] T T
- _ _ _ 0 2 4 6 8 10 12

Length (cm)

High Potential Low
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tEraciions

i with sketnens:
By | anfiprofons sailles in side wells

: & g5
g 33
.E- 35
%‘ § 2 st
B H B8 10 12
i L b | e
o
s 0 IR e, S T,
=
ik B i e
initial antiproton ~ positron cooling (after 190 sec)
aneangy : 4
positron / 3 : )
cooling ’ : &0 E"'Mpm"um
- /S No positrons
side well . 1 St L e “I'."f*.";”
i it ﬂ'l.i oy
anfiprions al injection
i T T bk
AR e Largth e
e i B A =i Positron cooling using 0.25 M positrons: G. Gabrielse et al.

Phys.Lett. B507,1 (2001)
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Y Novel PlasmaDiagness andl Contirel
PLASMA MODES DIAGNOSTICS Submitted to Phys. Rev. Lett.

trap electrodes
¢ § §8 __§F _§ BN

<> Equivalent Circuit M odel

B e R

Resonant RF Plasma Heating

= —D* SIGNAL

DRIVE @ Non-destructive
S multaneous

determination

DIPOLE MODE QUADRUPOLE MODE
(I=1,m=0) (1=2,m=0)

- =
.

Monitoring of plasma - no change due to pbars
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VY 1o phars: small perturbationite o> e:

Plasma Modes Measurement during Mixing

[  No significant changes
L in e+ plasma shape due

ﬂ%
T to pbar injection

R e gamma detector rates

[ _ consistent with hbars
T il
i e No evidence for

i anomalous plasma
[ transport due to pbars

Fositron Plasma Aspect Ratio

D_I | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
o B0 100 150

Time (=)
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"/ Eormation Processes

Heating e+ suppress Hbars ——

n=1 T
St

P ®

Energy-momentum conservation requires 3" body

Radiative Three-body
Cross-section [cn] 1016 (1 k) 107 (1K)
Hbar Temp dependence e T-45-> stabilization
Final quantum state n<10 n >> 100
Stability (re-ionization) high low
Expected rates ~10s Hz ?7?
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¥  Antihydrogen Production

1 Fill positron well in mixing region with 75-10° positrons
2 Launch 10* antiprotons into mixing region

3. Mixing time 190 sec - continuous monitoring by detector
4

Repeat cycle every 5 minutes (data for 165 cycles)

-125 4

For comparison:

antiprotons

1007 “hot” mixing = continuous RF

heating of positron cloud

Trap potential (V)

Y
ol

(suppression of formation)

o
o

Length (cm)
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VY 1o phars: small perturbationite o> e:

Plasma Modes M easurement during Mixing

* No significant changesin
et plasma shapedueto
pbar injection

Bﬁmdwmmm:mm

* gamma detector rates

- Pbar injection into positrons conssientwith fibars
il
[ * No evidence for anomalous

i plasma transport dueto
pbars

Fositron Plasma Aspect Ratio

Time (=)
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Y Noyve Plasma Diagnosisand Contrel
B=3T Submitted to Phys. Rev. Lett.

: SVl
R,g L lu; Equivalent Circuit Model

Vi Resonant RF Plasma Heating

Non-destructive
S multaneous
determination

Fositron Plasma Aspect Ratio

O_' ................

Time ()
Monitoring of plasma - no change due to pbars

See Poster by Ryo Funakoshi
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Operated at 14OK 3T small space
e Si microstrips: 2 layers ~8000 ch
e Csl read out by APD: 192 ch




Defecior ReadoltScheme
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cocto (Glime) (State) (Gomal) (sommmns
38 4 1 .

1+ 48 3 ———=

 wmmme

Level 2
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ARLINYCrCeOEN DEIECIO — AL CLONS\V ERLEX

Antiproton Annihilation (example)
- into three charged particles
- hits on strips (r-phi) and pads (z) , inner/outer layer

- 3 crystals hit by tracks

- vertex reconstruction s~ 3-4 mm (curvature @ 3 T)




REAISLIME P anniniiaweRimading

Athena pbars reconstruction and imaging




V RealFtimeAntipreeniimacing

Event Display 3D Image of pbar annihilation
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V ImeDependeqiPlasmer\Visualiizamoen

Antiprotons and electrons

\ Late times /
W

Potential

. Early times

o&e
Potential o

[ 4 ) ®

-10 5 0 5 10
Longitudinal Position [cm

Powerful plasma and loss diagnostics !
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V Z: CAllpranenivierphasanniniamnen

Antiproton well in R13

= Antiproton well in R16 4 )
. : g
= F [Enties 887 | .
E oL ase0r e
0E E s
e 3 6 - e
3 nt 7
= o ‘ e rRo1,
, h l A 4 E '/'/
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» B /
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Si strip detectos
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N Csl spectrum for 514 keV gamma

192 Pure Cdl read out via APD

250 | o | FWHM =18 %
> | [l Comptan-scattered
g 511 keV photons
© 200 |
8 |
I 4
S 150 - '
..g' . }u‘ =3 ¢ cut for
G 100 _ 511 keV photons
n] < >

Z J

N HTWMWM%W N

0 J | | |
0 200 400 600 800 1000
Photon energy [keV]
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V Colld AntinydregenSignal Augus 200z ATHENA

Amoretti et al., Nature 419 (2002) 456

200 200
180-f © Cold mixing 180 1 © Antiprotonsonly
160 A Hot mixing 160 @ Cold mixing (displaced E  wiggdow)
131+ 22 Golden
140 140 -
— Events |-

120

100 ¥ — >50000 Cold Antihydrogen

Events

80

80

60 60

40

b
4¢“4 jf“ﬁ&jklnéu 4ﬁ@“ﬁﬂ*ﬁ*

40
20 20 *ﬁ‘*#“ﬂ w #*%“ +¢¢+ ﬁ’%
1 05 o a5 1 07 -05 0 as .
cos( Qeg) cos(Qy)
Background 1. Hot-Mix: mixing with 2. Poar-Only annihilation
Measurements - heated e* (~3000K): In interaction region

turning off Hbar formation 3. Displaced Eg window
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Physicists brew antimatter to test E
Bang theory

Thursday, September 19, 2002 Posted: 10003 AM EDT {1408 GMT)

LONDON (Reuters) — European
scientists have developed enough
antimatter to try to answer one of
the great questions of Big Bang
theory, researchers said.

Scientists think the Big Bang that created
the cosmos about 13 billion years ago
produced equal amounts of matter and
antimatter. But the antimatter, in which
subatomic particles have the opposite
electrical charge to matter, disappeared
just after the Big Bang.
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oprSeienceNewsiin 2002

W AIP Physics News Update
(Top 2 physics stories of the year, with SNO)

W [OP Physics World (Number 1 Highlight of the year)
B Discover Magazine (Top 4 Science News of the year)
W Nature (Highlight of the year)

W Science (Watch for 2003)

¥ Wired Magazine, Annual Rave Awards Nomination
(with Eminem, Spielberg, Hayao Miyazaki et al.)
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EULUIFE PIrOSOECTS
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v EUtUre Prospects

@ Antihydrogen Formation Studies
— Understanding the dynamics
— Optimization of various processes

™ Towards L aser Spectroscopy
— Try first “in-beam”
— Several options being considered

W Hyperfine Splitting M easur ement
— ASACUSA Lol

W Other “Exotics’ Studies

— Antihydrogen Charge Neutrality Test

Makoto C. Fujiwara, ATHENA First Production of Cold Antihydrogen



v Summary

W First production and detection of cold antihydrogen
— Powerful e* accumulator, position sensitive detector
@ Preliminary New Results.
— In 2002 we produced ~1 Million Hbars
— High initial rate production > 100 Hz
— Modulation of Hbar formation: A Pulsed Hbar Source
— Temperature dependence

— Many measurements: plasma modes, miXing processes,
Hbar emission angles

@ ATHENA Antihydrogen Appar atus:
High rate, High duty cycle (5 mint), Versatile
@ Exciting Future Ahead

Stay Tuned!
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