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Antimatter and Antiproton

Matter-Antimatter

Symmetry
(Dirac, CPT)

_ Cosmology
Antimatter (Baryogenesis
Technology Anti-Universe)

(PET, cancer therapy
spacecraft)

Anti-Atoms
(AD programme)

FLAIR

Tests of
CPT invariancel

Antiparticles in
accelerators

(Colliders, LEAR)

Matter — antimatter symmetry
CPT

= Matter - antimatter
Interaction

= Antiproton annihilation in
emulsion



> in the framework of the STANDARD
MODEL

the general field theory requires the
Lagrangian

to be invariant under the operation of C,
Pand T

> an observation of CPT—violation would
mean

the existence of yet unknown properties
of fields

and interactions — that is why
searches for

effects of CPT—violation in different

processes
~ra NnACfaccarv



Fundamental symmetries C,P,T

C: charge conjugation
particle & antiparticle

P: parity: spatial mirror
T: time reversal

CPT theorem:
consequence of
Lorentz-invariance
local interactions
unitarity
Luders, Pauli, Bell, Jost
1955

= all QFT of SM obey CPT
* not necessarily true for
string theory

CTP -
particle/anitparticle:
same masses, lifetimes,
g-factors, |charge|,...



CPT symmetry &
cosmology

« possible hint for CPTV - antimatter absence in
the

universe

— Big Bang -> if CPT holds: equal amounts
matter/antimatter

— Standard scenario for Baryogenesis (Sakharov 1967)
o Baryon-number non-conservation
o C and CP violation

o Deviation from thermal equilibrium

e Currently known CP violation is not large enough
« Other source of baryon asymmetry?
CPT non-conservation?



e KK pip  ee

world with

no CP or CPT violation: —

100 % annihilation of particle plus antiparticle to light:
only uniform distribution of 3 Ky -- quanta l




Tm KK ph cE
world with

some CP or (even) CPT violation:
99.9999999 %

annihilation of particle

plus antiparticle to light:

=

uniform distribution ol
0.0000001 %




Verifications of CPT symmetry

Tests of particle/antiparticle symmetry (PDG)

absolute accurace (GeV)

10727 10-24 10-21  10-18 1015 1012 1079 10-6 103 109

H-H GS-HFS
planned .
H-H 15-2S

K°-K® mass

p-p mMass

p-p charge/mass

e* mass

u* g-factor

e+ g-factor

10747 1024 10-21  10-18 1015 1014 10-¢ 10-6 103 100

relative accuracy
Absolute energy scale: standard model extension (Kostelecky)

Inconsistent definition of figure of merit: comparison difficult
Pattern of CPT violation unknown (P: weak interaction, CP: mesons)



Precision measurements of p@r

* Cyclotron frequency -, 4

~ TRAP (LEAR) % \\\\Q\:

— Penning trap

— Precision reached: N Bl ;//_595
mass-to-charge ratio 101 b%\\\\ @ %b

 Spectroscopy of antiprotonic
helium

— PS205 (LEAR), ASACUSA (AD)
— “naturally occurring” trap
— Precision reached:

mass ratio 10-°

magnetic moment 10-3



Trapping of Antiprotons

in Penning Traps

/

&) Degrading f{ Solenoid
Dieor fdeg
= “Eassssss———— - B
~ = t=0 >
Anfiprotons i

(cooled by synchrotron radiation, t=0.4s at B=3T)

€) Reflecting —
Bt e e
9 Trﬂpping ~{i. 1% trapped
R — =500 ns
a CnDllﬂg Cooling of antipmtons t=few sec

throwgh Coulomb interaction
with cold electrons



Single antiproton in Penning trap

Open access penning trap

Inject antiprotons

along magnetic field axis
- energy ~ few keV

Precision measurement:

only 1 antiproton

Detection by cryogenic
resonance circuit
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G. Gabrielse, W. Quint (LEAR)
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Cyclotron frequency of the

v gives /M antiproton
* Problem: accuracy of B? . i&B
* Compare particles in same magnetic field ° 2 M!3
— Antiproton, proton
— Antiproton, H"
* Final accuracy: 107 AL A B R A AL B
0,12 linewidth Av /v =1,2 - 10" 4
B OO meee '.
[ R (ﬁ Av =11 mHz
| | 2 0,06
Qﬁ/gﬂ = -0.999'999'999'91(9) S 0,04}
,Mﬂ Mﬁ | %0,02
G. Gabrielse et al., 0’00 ' -

PRL 82 (1999) 3138 02 01 00 01 02 03 04 05
cyclotron frequency v_- 89 258 427 Hz
G. Gabrielse, D. Phillips, W. Quint, 1993
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stopping of negatively
charged particles in matter

— slowing down by ionization
(normal energy loss)

He'

— end when kinetic energy |

< lonization energy  .-osoau |

(24.6 eV)

— capture in high-lying .
orbits with n~v(M*/m,) ™

-2.0

-3.0

Exotic atom formation

®F
capture
—
o ]
! Energy (a.u.)

e
i

33 Neutral pHe"

0(s) a0

example: antiprotonic helium
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Antiprotonic helium

.atomcule“
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» possibility of precision
spectroscopy
diie to metactahle c<tatec

Metastable
states

T~ MS
short-lived
states (Auger

TR

prompt

jon cf pbar
EK 1991

trapping fraction: = 3 %
average lifetime: =3 us

delayed

10
Annihilation Time (us)

5 15



Laser spectroscopy of p*He

Resonant laser beam

. ¥
®’ .
!
V 2-body
p He" Atomcule antiprotonic
helium ion
o Annihilation
— ) — — and
CHP Auger detection
emission

Atomic capture
into metastable

sales. All this happens within 1 microsecond.
Thermalization Hiah (MW lo) | el
to5K igh ( -scale) laser powers are neede

to excite the antiproton.



PS205 setup

LEAR ultra-slow extracted p.
Laser randomly triggered for each pHe candidate

i) decar] apgEae
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H.A. Torii, ot al., NIM A 396 (1997) 257




An example, (n,l)=(39,35)—(38,34)

N. Morita, et al., Phys. Rev. Lett. 72 (1994) 1180.
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An example, (n,1)=(39,35)—(38,34)

N. Morita, et al., Phys. Rev. Lett. 72 (1994) 1180.

008 —
v, D9T.259 —é

0.04 -

Normalized peak counts

0-00 i " L L
537:20 597.30

Wavelength (nm)




| (n,1)=(39;35) {385 NN EHE

Non-relativistic energies

501,972,347.9 MHz

Relativistic correction for e-

-27,526.1 MHz

e~ anomalous magnetic moment 233.3 MHz
One-loop transverse photon self-energy 3818.1 MHz
One-loop vacuum polarization -122.5 MHz
Relativistic correction for helium/antiproton 37.3 MHz
One transverse photon exchange order «? -34.7 MHz
One transverse photon exchange order o3 0.8 MHz
Two-loop QED corrections 0.9 MHz
Finite size of nucleus 2.4 MHz
o* corrections -2.6 MHz
a® Ina corrections <1.3 MHz
Transition energy 501 948 754.9 (1.3)(0.5) MHz
Experiment (PRL 2006) 501948 752 (4) MHz
PHYSIGAL KEVIEW A VULUME >3, NUMBEK 3 SEFIEMBER 1996

Variational calculation of energy levels in p He" molecular systems

V. I. Eorobov

Joint Institute for Nuclear Research, Dubna, Russia

(Received 29 Apml 1996)




Experimental results and theory

W@]‘g 00)5) M. Hori et al., PRL 96, 243401 (2006)

4. + [ |
p He I—?—I (40,35)=(39,34) 873 nm

o (39,35)=(38,34)
(37,35)=(38,34) 7 o
I
(37.34)=(36,33) ;o0

=i
==
= —J (36,34)=(35,33) 417 nm
-
——
0

(35,33)=(34,32) 575
(3231)=(3130) 5oy

-50 50
(Vth _Vexp)fvexp (ppb)
0 (38,30)(37,33) For 4 transitions in
(36,38)=(37,33) on 53H e
463 nm

(34,32)=(33,31)
(32,31)=(31,30)

seanm  Vexp larger than vi
287 nm by 20-40 ppb

— —
o
B —e— (36,33)=(35,32)
— —]
——
0
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(Vth - Vexp )/ Vexp (ppb)
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2004 vs2009

P'He (34,33)-(35,32) p’He (33,32)+{34,31)

0.12F FWHM =22GHz 2004 results.

457.65 457.66 448.73 448.74
Wavelength (nm) Wavelength (nm)

l 2009 results.

» laser spectral resolution x100
» laser power x5
» frequency stability x200

Signal Intensity (arb. u.)
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p>He 2006VSi2009

2006

|—o—| (38,34)=(37,33)
—_—— (36,34)=(37,33)
——]  (36,33)=(35,32)
 —— (34,32)=(33,31)

) —— (32,31)=(31,30)
-25 0 25 50

( vth - vexp) / vEIP (ppb)

2009

- ———] (38,34)=(37,33)

(36,34)=(37,33)
I—.-9—I (36,33)=(35,32)
I—‘.—I (34,32)=(33,31)
i (32,31)=(31,30)

-925 o' 25 50

( v th _ VEKP ) / vexp {pph)




Antiprotonic Helium and CPT

* Three-body system He**-e--pbar
— p*ar in highly excited, )
near circular states (n,l) ~ (38,37,

* Easy formation

 Comparison to 3-body QED
calculations
that use proton mass_

. : 2
lauger > I' e 505 Uk g
hort-lived o727 7L7L
(short-lived) R

se7.06 ¢ <~ [Mm, =38

587. 259 £ (S

29 ol 528 7g 227-90
:‘ : 7L 37
470.724 469 a7 080 rauger < rrad ~ ”3-1
(metastable)



Mp/Me

Vth S'bOdy QED < input
proton/electron B
mass ratio mp/me

COmpariSOﬂ/A{ﬂustment

Laser

Vexp EXperiment

Antiprotonic Helium calibration

Comb

=
-

R.S. Hayano, EXAzo11



Antiproton-electron mass ratio

I A B
« Compare experiment to

three-body QED theory

- CODATA value my/me -;
changes over time | |

1635 'IE-.'-'.'-"II— —I

1E35. 152609 - arabon e glesren 1

» antiproton mass o sencal ]
measurement agrees | |

, B <= Mp/Me
with latest value for 1836.15267 |

proton (test of CPT) L o
L5485 III‘:'I‘.'IIIIII 1'.'-"?I'.=-I I?IIZ-:I':I ?':II:IIE-I IF:':I'ID
ear

M. Hori et al. PRL 96 (2006) 243401

Two-photon laser spectroscopy of antiprotonic helium and
the antiproton-to-electron mass ratio

Masaki Hori, Anna Sotér, Daniel Barna, Andreas Dax, Ryugo Hayano, Susanne Friedreich, Bertalan Juhasz,
Thomas Pask, Eberhard Widmann, Dezs8 Horvath, Luca Venturelli & Nicola Zurlo

Nature 475, 484488 (28 July 2011)  doiz10.1038/nature 10260
Received 12 April 2011  Accepted 26 May 2011 Published online 27 July 2011
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» Preliminary results appear to show

convergence between theory-experiment for
p3He at 10-20 ppb level.

» But this is still ongoing work.

- All 12 transitions must be measured under
similar conditions.

- Power shifts, more background measurements.

» Building a colder cryogenic target (1.8K) to
reduce thermal Doppler broadening




1.4 Doppler-free
‘hole-burning” spectroscopy
(lbeing developed)

726nm _ 726nm

time t4 time to>ty

pump laser probe laser



Doppler-free Sholeshurning gSPECHOSTOLY

Two lasers resonantly tuned to El transitions.
Ist strong laser burns “hole” in Doppler profile,
which is probed by second weak laser after a delay.

;| Distrib.

Full cancellation of
first-order Doppler broadening.

0.8}

0.6}

044 5
More transitions can be measured.

0.2}

| -
~ “Lamb” dip | |
-0.6 -0.4 0.2 0 0.2 0.4 06

Velocity




2009 result ele)p ¢

—— +Doppler width = ——

0.005[-
0.0045—
0.004—

0.0035

Annihilation signal

0.003

0.0025 i— }

0-m2+__l 1 1 | | 1 | | | | | | 1 | 1 | 1 | | | 1 1 | |
0.0886 0.0888 0.089 0.0892 0.0894 0.0896 0.0898

Laser wavelength -726 (nm)

the dip was observed
position and width agree with theory
need more statistics, systematic tests, etc.
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p*He

F=L-1/2 J7=L
:_ VSHF™
J=L-1

VHF ~13 GHz

J=L+1

Veue®
J=L

“He observables vur*, Vi : Lp Se

- AVHF = VHF*—VHF~ = VSHF'—VsHF ~ Up
- Sensitivity: 3-body bound state QED




AntiprotonicheliimypPeEHINESHCIUNE

SHe
- more complex structure: rigorous test of theory




Microwave cavity and setup

Meshes for MW Waveguide

50pum Upilex-window

pbar-
beam

25um Titanium-window 50K-Shield

Feedthrough for
pick-up-antenna

ecavity for 13 GHz at < 10 K to reduce Doppler
broadening

*Meshes to allow pPar and laser light to enter



determination of ;s

1.15
ViiE Ve F=L-1/2 J7=L
. A <_ vy VSHE
110 AV / J7=L-1
+ /
-EE 1.05 | (n,L) /
:E‘ ) LL _ + L —\ Vwr
L \
0T 1.00 ot ' VHE
[ P ] 1 . T + | - \ —
\ J7= L+1
\ A4 —
. —.{\ Vv +
. wlll 1 1 1 1 Falsiz - S:'f— L
12.86 12.88 12.90 12.92 12.94 12.96 )
vuw (GHZ)

* Vet ) Ve~ MOSt sensitive to W, but impossible to
measure (power requirement)

.A\)HF —_— ‘)HF_ - ‘)HF+ —_ \)SHF+ - \)SHF_ . SenSitive tO pr_)

- sensitivity factors from theory (D. Bakalov and
E.W., PRA 76 (2007) 012512)



THOTANEENLPTOION

T. Pask et al. / Physics Letters B 678 (2009) 55-59

Antiproton Magnetic Moment

3 286
28.00 < - ©
N - 2284 -
S 2res - 2 N B
& 2790 —Theory Eo85 o ; *g
E 27.85 E_ + 3 2.80_—_5. + !
80 - | i proton magnetic moment
27.80 : + 2781 +
27.75 -
_IlIIIIIIIIIIIIII|IIII|IIII|II 2l764_—llllllllIIII|IIIIIIIIIIIIIIlIIIIIIIIIlI
0 100 200 300 400 500 1975 1980 1985 1990 1995 2000 2005 2010
Target pressure (mbar) year

Precision determination of HFS of (37,35) state in p*He
- Avyr determined to accuracy of theory
- comparison leads to new value of magnetic moment

5 ul — P »
P =—2.7862(83)un S = (2.4£2.9) x 107
Hs




Antihydrogen

ATRAP, ALPHA (ATHENA)
ASACUSA (just starting)
AEQIS: antimatter gravity

* Nested Penning traps
* “cusp” trap



First Antihydrogen Atoms 1996 @
LEAR

9 relativistic antihydrogen
atoms detected

Paarung im Speicher Ereeugung und Nackweis von
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Antiprotonen werden  menstifa von Antiprotenen und Xenan
in den Speicherring  atomen erzeugen Paase von Elektonan
LEAR pebestet. Doet  wnd Positranan. Einige Positonen
kepisen e mehiere  kianen sich mil Antipeolonssn fu
Miniiten lang. Antowasserstnlatmen verbinden

176 oensmEce anees

§ £

Bl i new entstans
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stel Selanden
spater, nach eingr
Flugstrecie von -
finf Matern, sines JEF-



First Antihydrogen Atoms

Antihydrogen production

In the PS210 experiment antihydrogen atoms were produced in
the following way. When a antiproton (red), circulating in an
accelerator, passes a heavy target-nucleus (green), e.g. Xenon,

close enough, electron-positron pairs (blue) are produced
accidently.

If an electron-positron pair has been

created, (very rare process), thenitis :ﬂ'
possible that the antiproton catches the

positron (an even more rare case). T

-
a

—

» Antihydrogen is produced
The probability for this process is
~10-1°




First Antihydrogen Atoms

A0 -

Antiprotons (red) circulating in the LEAR ring
Xenon clusters cross the path of the antiprotons
antinydrogen atom (red with blue positron) is formed

In the first detector (red box) the antihydrogen is 'ionized',
the positron annihilates with an electron 2 photons of are
measured

» the antiproton passes several detectors, measuring:

- velocity

- sigh of charge



[ [ B ;lH |
First Antihydroge s
!
Atoms
14 16 18 20 22 24 26
1500 -0 1] events with correct
1000 = o antiproton time-of-flight
: : (19.7 nsec) and positron
Q00 — — 00 . . . .
. : annihilation signal.
S -0 2x1 events may be due
7 =25 to background reactions.
2.0 — 2.0
1.5 —; ;—1.5 =
' b= 15600 : Final result

1.0 — o= U — 1.0 .

05 = .. a cClear signature of

00 ek Foo 9 antihydrogen atoms
14 16 18 20 22 24 2B

Time of Flight [ns]



First Cold Antihydrogen 2002

advance online publication

T e Ty

Production and detection of
cold antihydrogen atoms

M. Amaretti*, €. Amslert, 6. Bonamiis, A. Bouchial, P, Bowe ||,

C. Carrara®, €. L Cesar", M. Charitons, M. J. T. Calliers, M. Dosert,

V. Filippini:, K. 5. Finet, A. Fontama::**, M. C. Fujiwaratt,

R. Funakoshitt, P. Bemova::**, J. 5. Hangsi||, A. 5. Hayanott,

M. H. Holzscheiteri, L. V. Jorgensens, V. Lagomarsino* i1, R. Landuai,
D. Lindelalt, E Lodi Rizzinic >, M. Macri®, N. Madsent, 6. Manuzio* i,
M. Marchesottic: , P. Mantagna:: **, H. Pruys+, C. Regeafust, P. Riedleri,
J. Rachett s, A. Rotondi: ", G Rowleauis, B, Testera’, A. Variola®,
T. L. Watsons & D. P. van der Werfs

ATHENA
Nature 419
(2002) 456

WOLUME 89, NUMEBER 21 PHYSICAL REVIEW LETTERS 18 NCOVEMEER 2002

Background-Free Observation of Cold Antihydrogen
with Field-lonization Analysis of Its States

G. Gabrielse,"* N.5. Bowden,' P Oxley. A Speck.’ C.H Storry,’ LN, Tan,’ M. Wessels,' D. Grzonka,” W. Oelert,”
G. Schepers,” T. Sefzick,” 1. Walz,” H. Pitteer,* T.W. Hinsch,* and E. A. Hessels®

(ATR AP Collaboration)

'Drp::rrlrr.f(.r of Flysics, Harvand University, Cambridge, Masachuserfs 02138
P Forschaungsientrum Julich b, 32425 Ritck, CGermamy
’f.'f:'ﬁ'.'h'. T211 Gremev 23, Swigerand
M- Planck-Tasting fir Jusntensprik, Hens-Kopfermann-Strazse 1, 85748 Garching, Germany
* Lushwig- Mevis ilisns- Universinds Milnchen, Schellingstrazse 4400, 80750 Minchen, Germany
"York Universiry, Department of Physics and Astronomy, Toronto, Ontario, Canada M3J 1F3
(Received 11 October 2002 published 31 October 2002)

ATRAP PRL 89 (2002) 213401

AD

Nested Penning traps
Capture energy: few keV

a
| i
- 3 -

—
LI I

NG traD slectrodes

HEEE B NEENi

b
o= fe e

T, Aol ong -
T A e . /
] rox i J
= \ ey
(=1
=

50
.
2 4 g 1 1

Langt h (e

No “useful” Hbar produced (ground-state, < 1 K temperature for trapping)
Ultimate precision: neutral atom trap and laser cooling to milli-Kelvin temperature



Precision Spectroscopy of
Hydrogen

1S-2S sensitive to: 2S-2P (Lamb shift)
* Electron mass sensitive to:
* Proton mass | e proton charge radius
* proton charge radius R
R, P
GS-HFS
* Proton magnetic moment
Mp

* Proton magnetic radius Rw



e" trap
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ATHENA (ALPHA)

* Capture, trap, cool antiprotons

* Capture, trap, cool positrons

Merge and recombine
ATHENA/AD-1 . Antihydrogen Production and Spectroscopy

Antiproton Accumulation +
Recombination with positrons




Recombination Mechanisms

two competing processes:

et E"'./Colnscrns.
. Field lonization (1 V/cm)
e KT

- BB N ~ 100-200

P
Spontaneous Radiative Three-Body
Recombination Recombination

Ground state Rydberg states



Electric
Potential

Mixing procedure

Antiprotnnw

Positrons \w

Antiprotons

Antiprotun% ~ Positron plasma
:'."‘-' Elq . ‘i ..‘:..-D
> 4 l‘
10" |

Mixing Trap Electrodes

Scheme proposed by 6. Gabrielse et al. - Phys.Lett. A129, 38 (1988)



Double charge exchange

ra=nsckian

+ TR icnization
= Pg¥: CS 4  m "-H electric
field

-u
)]
*
i
b
L
*

o Ps* Ps

r.-_ S--Ee !'_: !“:,L. e S ‘r:__ e " L] 1y 5
' . . at s : e 22 0
positron **. %= . L
trap T I Ps* e . =
C L ¢ antiproton H
S f:".';.'ij;' : _ trap detection
e Cs* H“‘r trap
4 IL.P.
------- ard
852.2 nm
z 2
——
.‘ CE 1 452 nm
diode laser
cesium oven . Wi .

ATRAP, Phys. Rev. Lett. 93, 263401 (2004)



Neutral atom trap for

First Antihydrogen Production within a Penning-TIofle Trap

G. Gabrielse ! * P. Larochelle.! D. Le Sage.! B. Levitt.! W.S. Kolthammer ! R. McConnell !
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Measurement of the Hydrogen 1S- 2S
Transition Frequency by Phase Coherent
Comparison with a Microwave Cesium

Fountain Clock
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