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•• AtomicAtomic--, Nuclear, Nuclear--, Particle, Particle--Physics Physics 
• Forces and SymmetriesForces and Symmetries
•• Discrete SymmetriesDiscrete Symmetries
•• Properties of Known Basic InteractionsProperties of Known Basic Interactions
•• Particles and AntiParticles and Anti--ParticlesParticles
•• Hydrogen and HydrogenHydrogen and Hydrogen--like Atomslike Atoms
•• Fundamental ConstantsFundamental Constants

⇒⇒ only touching a few examplesonly touching a few examples



Fundamental Interactions – Standard Model 

StrongStrong

GravitationGravitation

??

MagnetismMagnetism

ElectricityElectricity
Maxwell

Glashow,
Salam, t'Hooft,

Veltman,Weinberg
WeakWeak

ElectroElectro --
MagnetismMagnetism

ElectroElectro --WeakWeak
Standard ModelStandard Model

GrantGrand
UnificationUnification

not yet known?not yet known? Physics outside Standard ModelPhysics outside Standard Model
Searches for New PhysicsSearches for New Physics

Physics within the Standard ModelPhysics within the Standard Model



fundamental := “ forming a foundation or basis a principle, law etc. serving as a basis”

Standard ModelStandard Model
• 3 Fundamental Forces

• ElectromagneticElectromagnetic Weak Weak StrongStrong
• 12 Fundamental Fermions

• Quarks, Leptons
• 13 Gauge Bosons

• γ,W+, W-, Z0, H, 8 Gluons

However However 
• many  open questions 

• Why 3 generations ?
• Why some 30 Parameters?
• Why CP violation ?
• Why us?
• …..

• GravityGravity not included
• No Combind Theory of 

GravityGravity and Quantum MechanicsQuantum Mechanics

?



fundamental := “ forming a foundation or basis a principle, law etc. serving as a basis”

Forces and SymmetriesForces and Symmetries

Global Symmetries ⇔ Conservation Laws
• energy
• momentum
• electric charge
• …..
• lepton number
• charged lepton family number
• baryon number
• …..

Local Symmetries ⇔ Forces
• fundamental interactions

?



TRITRIμμPP
Possibilities to Test New ModelsPossibilities to Test New Models

⇔⇔

High Energies High Energies 
& direct observations& direct observations

Low EnergiesLow Energies
& Precision Measurements& Precision Measurements



Discovery of Deuterium

• A barely visible shadow in 
hydrogen spectral lines

• Reduced mass 
mnucleus * melectron
mnucleus + melectron

used for identification

• μred(H) - μred (D) = 2,7 •10-4

• Significant impact

Urey, Columbia University, New York(1932)

μred =





⇒ α-1 = 137. 035 998 90 (50)
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Electron Magnetic AnomalyElectron Magnetic Anomaly



CODATA 2002





⇒⇒
Proton and Antiproton Proton and Antiproton 
q/m compare to 0.1 ppbq/m compare to 0.1 ppb

Clock ComparisonsClock Comparisons
⇒⇒

Proton and Antiproton Proton and Antiproton 
gravitational gravitational acccelerationaccceleration

equal to 1 equal to 1 ppmppm



HydrogenHydrogen--like Atomslike Atoms

leptonicleptonic hadronichadronic



HydrogenHydrogen--like Atomslike Atoms



Laser spectroscopy 1s-2s
(Chu,Mills et al.)

me- =  me+  at 10-8 level



HydrogenHydrogen--like Atomslike Atoms





• Gas StopGas Stop

Yields up to 100%
Polarization up to 50% (B=0)               foreign gas effects

100% (B>>1T)

μ++e−→Μ

μ+
Kr, Ar

• SiOSiO22 Powder (Hot Metals)Powder (Hot Metals)

•thermal Muonium in Vacuo
Yields up to 12%  (SiO2)                         M(2s) /M(1s) < 10-4

Polarization 39(9)%                                velocity  1.5 cm/ τμ

μ+ M

Methods of Muonium ProductionMethods of Muonium Production

1960: Discovery of the
atom

(V. Hughes et al.)

• Beam FoilBeam Foil

Muonium in Vacuo
n=2 state populated
fast  muonium keV energy

μ+ 50%

μ+e− 1%

μ+e−e− 0.01%

μ+
1980: Enable excited

state spectroscopy
(LAMPF, TRIUMF)

1986: Enable vacuum
spectroscopy
(TRIUMF,KEK, PSI,
LAMPF)



Muonium Hyperfine Structure

Solenoid

μ+ e−

μ+
in

Sμ
Detector

MW-Resonator

Yale - Heidelberg  - Los Alamos 

Δνexp = 4 463 302 765(53) Hz                        ( 12 ppb)
Δνtheo = 4 463 302 649(520)(34)(<100) Hz(<120 ppb)

μμ /μp = 3.183 345 13(39) (120 ppb)

mμ/me = 206.768 273(24) (120 ppb)
α−1 = 137.036 010 8(5 2) (  39 ppb)



NEVIS
CHICAGO-SREL
LAMPF
LAMPF latest experiment
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History of Muonium Ground State
Hyperfine Splitting Measurements

limited by statistics
⇒

need more  particles







Results:Results:
Δν 1s-2s = 2455 528 941.0(9.1)(3.7) MHz
Δν 1s-2s = 2455 528 935.4(1.4)         MHz

mmμ+μ+ = 206.768 38 (17)  m= 206.768 38 (17)  me          e          (0.8ppm)(0.8ppm)

qqμ+μ+ = [ = [ --1 1 --1.1 (2.1) 101.1 (2.1) 10--9  9  ] q] qee-- (2.2 ppb)(2.2 ppb)

exp

theo 

limited by statistics
⇒

need more  particles



uonium–Antimuonium Conversion

      ??      ______ 
 MM  ⇔⇔  MM 

μμμ
+++

eee
---
 ↔↔ μμμ---

eee
+++ 

                  LLLμμμ:::            ---111       +++111 
      LLLeee:::                                 +++111       ---111 

  ΔΔLLee//μμ  ==  ±±  22  
 

aavvoouurr  oosscciillllaattiioonnss  wweellll  eessttaabblliisshheedd  iinn  qquuaarrkk  sseeccttoorr

                                                                              ____                             
                                 KK00  ⇔⇔  KK00          

                               ____                             
                                 BB00  ⇔⇔  BB00         

G ___   
MM

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
sd
__

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
sd

__

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
bd
___

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
bd

___

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
bs
___

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
bs

___





limited by statistics
⇒

need more  particles



The World according to EscherThe World according to Escher

mirror image time → ← time

matter anti-matterstart
identical 
to start

anti-particle       particle  
e+ e-

P C T

from H.W. Wilschut
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CPTbreakb,a μμ InvarianceLorentzbreakH,d,c,b,a μνμνμνμμ

?

CPT and Lorentz NonInvariant Models

CPT  tests

Are they comparable   - Which one is appropriate

⇒ Use common ground, e.g. energies

Leptons in External MagneticField 

Bluhm , Kostelecky, Russell, Phys. Rev. D 57,3932 (1998) 

For g-2 Experiments :

Dehmelt, Mittleman,Van Dyck, Schwinberg, hep-ph/9906262
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CPTCPT – Violation
Lorentz Invariance Violation

What is best CPT test ?                     

New Ansatz        (Kostelecky)

• K ≈ 10-21    GeV
• n                ≈ 10-30    GeV
• p ≈ 10-24    GeV
• e ≈ 10-27    GeV
• μ ≈ 10-23 GeV
• Future:  
Anti hydrogen ≈ 10-??   GeV

often  quoted:

• K0- K0  mass difference  (10-18)
• e- - e+   g- factors (2* 10-12)

• We need an interaction 
with a finite strength !



Verifications of CPT symmetryVerifications of CPT symmetry
Tests of particle/antiparticle symmetry (PDG)

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

Kostelecky et al.:
energy scale
< 10–21 GeV
< 10–23 GeV

< 10–26 GeV

< 10–20 GeV

from E. Widmann



CPTCPT
relates to various phenomena among which

• Lorentz Invariance, perferred reference frame
• Particle – Antiparticle properties
• Spin
• Fermions and Bosons only
• ….



CPT and Lorentz Invariance from Muon ExperimentsCPT and Lorentz Invariance from Muon Experiments

Muonium:  

new interaction below 

2* 10-23 GeV

Muon g-2:

new interaction below 

4* 10-22 GeV (CERN)

15 times better expected  
from BNL when analysis 
will be completedV.W. Hughes et al., Phys.Rev. Lett. 87, 111804 (2001)



HydrogenHydrogen--like Atomslike Atoms



Atomic HydrogenAtomic Hydrogen



Hydrogen Laser spectroscopyHydrogen Laser spectroscopy
Haensch, Biraben et al.

“Deuteron Radius”



Hydrogen Laser Spectroscopy AccuracyHydrogen Laser Spectroscopy Accuracy



χ2/df ≈9χ2/df ≈4.2

Hydrogen Laser spectroscopyHydrogen Laser spectroscopy
Haensch et al.



HydrogenHydrogen--like Atomslike Atoms



Hydrogen Laser spectroscopyHydrogen Laser spectroscopy
Haensch, Biraben et al.

Muonic Hydrogen Lamb Shift

“Proton Radius”
“Deuteron Radius”



(Anti(Anti--)Hydrogen Spectroscopy)Hydrogen Spectroscopy**

Hydrogen 1sHydrogen 1s--2s Saturation Intensity      I2s Saturation Intensity      Is s = 0.9 W/cm2= 0.9 W/cm2
Excitation Rate                                        RExcitation Rate                                        Re   e   = 4= 4ππ*84*(I/W/s*cm*84*(I/W/s*cm22))22//ΔΔν/ν/HzHz
Photo Ionization Rate                             Photo Ionization Rate                             RRpp = 9*I/W/s*cm= 9*I/W/s*cm22

ZeemanZeeman shift                                            shift                                            δνδνZZ = 9.3*B Hz/T= 9.3*B Hz/T
ac Stark shift                                            ac Stark shift                                            δνδνacac = 1.7*I Hz /W*cm= 1.7*I Hz /W*cm22

Velocity at 1mK                                        VVelocity at 1mK                                        V1K1K = 4 m/s= 4 m/s
TimeTime--ofof--flight broadening                       flight broadening                       ΔΔννTOFTOF = 3 kHz = 3 kHz (1 mK, 600 μm beam diam.)

Lyman a detection efficiency                   10Lyman a detection efficiency                   10--66 = = ΩΩ * * effeffMCPMCP (= 10(= 10--44 * 10* 10--22))

10101111 HH--atoms atoms (MIT Bose (MIT Bose condenscondens.).) δνδν//νν1s2s1s2s = 10= 10--1313 (1s integration time)

Just one Problem: LymanJust one Problem: Lyman--αα detection via field quenching   =>  atoms can be used once onlydetection via field quenching   =>  atoms can be used once only
(all 1s, m(all 1s, mFF states get equally populated)states get equally populated)

How to scale line center accuracy in absence of systematic errors?

  δδν = ν = ΔνΔνexpexp.  .  / (Sign./Noise) / (Sign./Noise) ≈≈ ΔνΔνexpexp.  .  / / √√ NNparticlesparticles

* numbers verified
with L. Willmann



Antiproton Decelerator (AD) at CERN

Antiproton capture, 
deceleration, cooling

100 MeV/c (5.3 MeV)
Pulsed extraction

2-4 x 107 antiprotons per 
pulse of 100 ns length 
1 pulse / 85 seconds

Antihydrogen formation and 
1S–2S spectroscopy (ATHENA, 
ATRAP)
Antiprotonic atom spectroscopy, 
atomic collisions, Antihydrogen 
GS-HFS (ASACUSA)

10m.0 5

AD PROJECT

Scale

ASACUSAASACUSA

ATRAPATRAP
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production
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First experimental observations (at CERN) attributed to hot, fast antihydrogen.
"Production of Antihydrogen"

G.Baur et al. (includes D. Grzonka, W. Oelert, G. Schepers, and T. Sefzick, now part of ATRAP)
Phys.Lett. B 368 (1996) 251-258.

Second observations (at Fermilab, with improved setup and luminosity monitors) 
attributed to hot, fast antihydrogen atoms.

"Observation of Antihydrogen"
G. Blanford, et al.
Phys. Rev. Lett. 80, 3037 (1998).



Scientists Create 
'Star Trek' 
Antihydrogen in 
Quantity
By Alex Dominguez
Associated Press
posted: 02:59 pm ET
18 September 2002

ATHENAATHENA ATRAPATRAP

Physical Review Letters 89, 213401 online (2002)









AntihydrogenAntihydrogen CPT TestsCPT Tests



Laser spectroscopy 1s-2s   -------- Microwave spectroscopy 
1s Hyperfine Structure

Δν1s2s= ¾ *R∞+εQED+εnucl +εweak + εCPT

R∞=  mec2 *α2/2 h

“Long distance” Interaction “Contact” interaction

ΔνHFS= cons. *α2 R∞+εQED+εnucl +εweak + εCPT

(Anti(Anti--)Hydrogen CPT tests)Hydrogen CPT tests



H GroundH Ground--state Hyperfine Structurestate Hyperfine Structure
atoms “evaporate”

No trapping needed !!
atomic beam for focussing 
and spin selection
spin-flip by microwave 
radiation
low-background high-
efficiency detectionn of 
antihydrogen through 
annihilation
achievable resolution

better 10–6 for T ≤ 100 K
> 100 H/s in 1S state needed

ultimate precision:
atomic fountain of H ->
FLAIR

ASACUSA LoI for AD CERN‐SPSC‐2003‐009, proposal CERN‐SPSC‐2005‐002

Remark: Add Ramsey technique?

from E. Widmann





Measurements indicate

T ≈ 2400 K

needed for trapping 

0.5 K



ρ mostly above .1 μm
n > 15



(Anti(Anti--)Hydrogen Spectroscopy)Hydrogen Spectroscopy**

Hydrogen 1sHydrogen 1s--2s Saturation Intensity      I2s Saturation Intensity      Is s = 0.9 W/cm2= 0.9 W/cm2
Excitation Rate                                        RExcitation Rate                                        Re   e   = 4= 4ππ*84*(I/W/s*cm*84*(I/W/s*cm22))22//ΔΔν/ν/HzHz
Photo Ionization Rate                             Photo Ionization Rate                             RRpp = 9*I/W/s*cm= 9*I/W/s*cm22

ZeemanZeeman shift                                            shift                                            δνδνZZ = 9.3*B Hz/T= 9.3*B Hz/T
ac Stark shift                                            ac Stark shift                                            δνδνacac = 1.7 I Hz /W*cm= 1.7 I Hz /W*cm22

Velocity at 1mK                                        VVelocity at 1mK                                        V1K1K = 4 m/s= 4 m/s
TimeTime--ofof--flight broadening                       flight broadening                       ΔΔννTOFTOF = 3 kHz = 3 kHz (1 mK, 600 μm beam diam.)

Lyman a detection efficiency                   10Lyman a detection efficiency                   10--66 = = ΩΩ * * effeffMCPMCP (= 10(= 10--44 * 10* 10--22))

10101111 HH--atoms atoms (MIT Bose (MIT Bose condenscondens.).) δνδν//νν1s2s1s2s = 10= 10--1313 (1s integration time)

Just one Problem: LymanJust one Problem: Lyman--αα detection via field quenching   =>  atoms can be used once onlydetection via field quenching   =>  atoms can be used once only
(all 1s, m(all 1s, mFF states get equally populated)states get equally populated)

How to scale line center accuracy in absence of systematic errors?

  δδν = ν = ΔνΔνexpexp.  .  / (Sign./Noise) / (Sign./Noise) ≈≈ ΔνΔνexpexp.  .  / / √√ NNparticlesparticles

* numbers verified
with L. Willmann



Hydrogen

F=m*gF=m*gF=m*g ? F=m*g ? 

F= F= -- m*g ?m*g ?

(Anti(Anti--)Hydrogen Gravity Tests)Hydrogen Gravity Tests

Unique PossibilityUnique PossibilityLyman –α laser required  



HydrogenHydrogen--like Atomslike Atoms



pHe+ Atom – a naturally occurring 
trap for antiprotons

–

• Serendipitously discovered by Tokyo group at KEK
• 3-body system, Metastable
• ~ 3% of stopped antiprotons survive with average lifetime of ~ 3 μs
• Precision laser spectroscopy by ASACUSA:
- best test of 3-body QED theories
- proton-antiproton mass & charge comparison, 60 ppb (PDG 2002)

Hayano, Yamazaki et al.



CPT Test with Antiprotonic HeliumCPT Test with Antiprotonic Helium



CPT test in Antiprotonic HeliumCPT test in Antiprotonic Helium



Progress in atomcule spectroscopy

To be done > 2006

2004 (prelim.)
3 ppb



Antiprotonic Radioactive AtomsAntiprotonic Radioactive Atoms
Process Observable Deduced 

quantity
Physics

Capture in high orbit 
(atomic x-sections), 
cascade

Antiprotonic x-rays 
O(MeV) 

Annihilation 
orbit, energy 
shifts
n vs. p 
annihilation 

Annihilation (n>7) on 
peripheral nucleon

De-excitation γ, 
particles, daughter 
activity

Matter distributions, 
neutron vs. protons on 
nuclear surface, …

VOLUME 87, NUMBER 8 P H Y S I C A L R E V I E W L E T T E R S 20 AUGUST 2001

Neutron Density Distributions Deduced from Antiprotonic Atoms

A. Trzcin´ska, J. Jastrze ¸bski, and P. Lubin´ski
Heavy Ion Laboratory, Warsaw University, PL-02-093 Warsaw, Poland

F. J. Hartmann, R. Schmidt, and T. von Egidy
Physik-Department, Technische Universität München, D-85747 Garching, Germany

B. Klos
Physics Department, Silesian University, PL-40-007 Katowice, Poland

(Received 28 March 2001; published 2 August 2001)

Highest Uncertainty Arising from Theory



Where is Slow Antiproton Physics in 2004 ?Where is Slow Antiproton Physics in 2004 ?

•• Driven by ambitious goals Driven by ambitious goals –– CPT, Gravity, CPT, Gravity, 
Nuclear PropeNuclear Properties, Medical, rties, Medical, ……..

•• Antiprotonic Helium and Antiprotonic Helium and AntihydrogenAntihydrogen somewhat centralsomewhat central
•• Antiprotonic Helium at KEK, LEAR, ADAntiprotonic Helium at KEK, LEAR, AD
•• AntihydrogenAntihydrogen at CERN, FERMILAB (fast) and CERN (slow)at CERN, FERMILAB (fast) and CERN (slow)

•• There is slow Antiproton Facility available: ADThere is slow Antiproton Facility available: AD

•• AD produced beautiful resultsAD produced beautiful results
•• Antiprotonic HeliumAntiprotonic Helium
•• AntihydrogenAntihydrogen

•• Central now: Central now: 
•• Learn to produce  Learn to produce  AntihydrogenAntihydrogen (still highly excited / high velocities)(still highly excited / high velocities)
•• Prepare spectroscopyPrepare spectroscopy
•• Plasma Physics, Collision Physics, basic Atomic and Molecular PPlasma Physics, Collision Physics, basic Atomic and Molecular Physicshysics
•• AntimatterAntimatter--Matter InteractionsMatter Interactions
•• . . . . .. . . . .



Future Dreams & PlansFuture Dreams & Plans



Future Dreams & PlansFuture Dreams & Plans

ELENA@CERNELENA@CERN



Precision Spectroscopy of p Atoms

AD AD + RFQD FLAIR
5.3 MeV pbar 100 keV 20 keV
1 π mm mrad 100 π 1 π
ΔE/E~10^-4 5% 10^-4

Pbar cloud: 1 cm^3 1000 cm^3 1 mm^3
CPT test 60 ppb 10(3) ppb << 1 ppb



Atomic Physics Aspects of the Standard ModelAtomic Physics Aspects of the Standard Model

Atomic Physics can be expected to continue to 
provided sensitive tests of Standard Theory
contribute to the Development of Modern Fundamental 
Physical Concepts
search for new Phenomena
provide most accurate parameters
provide state of the art tools and techniques
show that every system has its own benefits
be good for surprises

Antiproton contributions to this field just startedAntiproton contributions to this field just started ––

PrecisonPrecison takes        takes        T T imeime C C are    and   are    and   P P articlesarticles



Thank YOU !
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